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Cell polarity plays a key role in the development of multicellular organisms. Several 
mechanisms exist to ensure that cytoplasmic determinants are distributed 
heterogeneously within cells. mRNA localisation, is one such process that targets 
proteins to their site of function. Although the function of mRNA localisation has 
been widely studied in various organisms ranging from yeast to mammals, since its 
discovery 20 years ago, the mechanism by which mRNAs are transported to their 
destination is poorly understood. 
This thesis studies the mechanism by which grk mRNA, crucial for axis specification 
of Drosophila embryos, is transported in oogenesis from the cell where it is 
transcribed to its final destination in the oocyte. Two in vivo approaches were 
utilised, to study grk RNA movement in Drosophila oogenesis. Molecular beacons, 
probes that fluoresce upon hybridisation, were not successful in faithfully detecting 
endogenous grk mRNA. On the other hand, an injection assay of in vitro transcribed 
and fluorescently labelled grk RNA in living egg chambers, revealed a microtubule 
and Dynein dependence throughout the entire movement of grk RNA transport from 
the nurse cells to its final destination in the oocyte. We propose, that other key 
maternal transcripts are transported and localised in Drosophila oogenesis via a 
similar motor driven mechanism. 
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Cell polarity forms the basis of most developmental processes in multicellular 
organisms. A key question in biology is understanding how such cell polarity is 
established and maintained, a process which involves the sorting of specific molecules to 
distinct parts of the cell. Historically, intracellular protein localisation was thought to 
occur mainly by sorting according to signals in the proteins that specify different 
destinations. However, 20 years ago, this view was challenged by findings by Jeffrey 
and colleagues, who demonstrated that maternal actin mRNA was enriched in the 
myoplasm of ascidian eggs (Jeffery et al., 1983). Since then, a variety of mRNAs have 
been shown to localise in cells ranging from yeast to mammals (Palacios and St 
Johnston, 2001). The process of mRNA localisation is now known to be a universal and 
evolutionarily conserved mechanism for producing cellular asymmetries (Bashirullah et 
al., 1998). Over 90 localised mIRNAs are known to date, most of which are found in 
oocytes and embryos, including Drosophila and Xenopus oocytes, as well as in somatic 
cells such as fibroblasts and neurons (Jansen, 2001) 
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THE DIVERSE FUNCTIONS OF mRNA LOCALISATION. 
mRNAs are localised for a variety of reasons. First, mRNA localisation can spatially 
restrict the synthesis of a particular protein at high concentrations (Palacios and St 
Johnston, 2001). For instance, in chicken embryonic fibroblast cells fl-actin mRNA is 
localised to the leading lamella, thus targeting the localisation of the protein to the site of 
its polymerisation. A disruption in its localisation results in the collapse of lamella, and 
motility, demonstrating that spatial regulation of fl-ac/in synthesis is required for the 
establishment of cell polarity (Kislauskis et al., 1994). Second, mR.NA localisation not 
only targets protein to the site of function but it restricts its expression elsewhere. This 
is important for targeting of cell specification determinants that if ectopically expressed 
can lead to aberrant patterning of the embryo (St Johnston, 2005). In Drosophila, 
mRNA localisation plays a key role in the establishment of the anterior-posterior (A-P) 
and dorso-ventral (D-V) axes of the embryo (Neuman-Silberberg and Schupbach, 1993) 
as mislocalisation of oskar (osk) and nanos (nos) mRNAs in the fly egg induces the 
development of a second abdomen in the place of the head and thorax (Ephrussi et al., 
1991; Gavis and Lehmann, 1992). In yeast mRNA localisation is vital to cell identity 
specification. Ash] mRNA, a transcription factor repressor of mating type switching is 
specifically localised to the daughter cell (Long et al., 1997). In some instancesmRNA 
localisation might be the only means of spatially targeting a protein. This is the case for 
Tau and MAP2, microtubule associated proteins, that bind to any microtubules 
indistinctly (St Johnston, 2005). Thus tau and map2 mRNA localisation to the axons 
and dendrites respectively ensures that the proteins encoded by each mRNA are 
differentially distributed within neurons (Aronov et al., 2001). Last, mRNA provides a 
means of regulating protein expression within individual regions of the cytoplasm 
making it possible to regulate gene expression independently at different parts of the cell 
(St Johnston, 2005). This feature of mRNA localisation might be important to highly 
polarised cells, such as neurons, where the local control of protein synthesis in dendrites 
has been proposed to contribute to synaptic plasticity (Steward and Schuman, 2003). 
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While, the function of mRNA localisation is relatively well understood, the mechanism 
of localisation remains less well studied in most cases (Palacios and St Johnston, 2001). 
THE MECHANISM OF mRNA LOCALISATION 
Zip codes 
What distinguishes localised mRNAs from the unlocalised transcripts? By analogy to 
the postcode system that defines the correct delivery of letters, mRNAs contain cis-
acting sequences known as zip codes, which target them to their appropriate 
destinations. However, cellular sorting is more complex than postal zip codes, and to 
date, no universal system of zip code addresses has been identified either at 'the primary 
sequence, secondary or tertiary structural level (Jansen, 2001; Van de Bor V, 2004). 
Nevertheless, several principles have emerged from the study of numerous examples of 
localised transcripts indicating that signal sequences are most commonly found in the 
3'UTR of mRNAs (Jansen, 2001). In addition signal sequences can be modular and in 
some instances functionally redundant. For instance, Myelin basic protein (MBP) 
mRNA which is localised in oligodendrocytes, contains two localising signals in its 
3'UTR that are differentially required for its localisation to the cells extension and 
subsequent targeting of MBP mRNA to the myelin compartment (Ainger et al., 1997). 
In the case of nos mRNA in Drosophila, multiple partially redundant signals exist, 
which function to target the mRNA to the posterior of the oocyte. Separately, each 
signal is sufficient to drive the posterior localisation of the transcript albeit weaker than 
when all are present (Bergsten and Gavis, 1999; Crucs etal., 2000). 
Trans-a cting factors 
How are the zip codes read by the cell? Cis-acting sequences are recognised by specific 
mRNA binding proteins. Although more than 25 zip codes have been identified to date, 
deciphering the interaction of mRNAs with their corresponding trans-acting factors has 
proven more difficult (Jansen, 2001). From the moment an mRNA molecule is 
transcribed in the nucleus, multiple proteins and RNAs, required for splicing, export, 
3 
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stability, localisation and translation regulation, bind to it, forming a ribonucleoprotein 
(RNP) (Dreyfliss et al., 2002). The composition of proteins in the RNP varies 
continuously throughout the various stages of movement of the transcript to its final 
destination in the cytoplasm. Dissecting out those proteins that are solely required for 
the localisation of specific niRNAs has been difficult presumably due to functional 
redundancy of trans-acting factors and the fact that many key proteins involved in 
mRNA localisation and defining specificity may have also essential general functions in 
mRNA metabolism. Nevertheless, genetic studies have elucidated the function of a 
number of important trans-acting factors with well-defined mutant phenotypes, although 
the precise manner in which specificity of localisation is defined by trans-acting factors 
in most cases is not well understood. 
Staufen (Stau) is one of the most extensively studied RNA binding proteins required for 
mRNA localisation in Drosophila. Stau protein is involved in the processes of 
translational derepression and mRNA localisation. It is required for the localisation of 
three transcripts, oskar (osk), bicoid (bcd) and prospero (pros) at different 
developmental stages and interacting differently with different cytoskeletal elements 
(Roegiers and Jan, 2000). Stau protein consists of five dsRNA binding domains, which 
mediate the different functions of the protein (Micklem et al., 2000). The fact that one 
trans-acting factor is involved in different developmental and structural processes, 
strongly suggests that additional adaptor proteins must exist to provide specificity. 
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THE CYTOSKELETON AND mRNA LOCALISATION 
Once a letter's correct postcode has been recognised, how is it delivered to the 
appropriate destination? In cells four models have been proposed as the mechanisms for 
the localisation of different mRNAs: local stabilisation of specific mRNAs (Bashirullah 
et al., 1999), local synthesis, diffusion and anchoring (Glotzer et al., 1997), and active 
transport (Bashirullah et al., 1998). Active transport of mRNA assembled into 
ribonuclearprotein (RNP) complexes is the most extensively studied mechanism, and 
possibly the most common mode of mRNA localisation (Bashirullah et al., 199.8; Ding 
and Lipshitz, 1993; Tekotte and Davis, 2002). Most biological sorting events, such as 
membrane trafficking, nuclear import and protein translocation across the ER, are 
mediated by large macromolecular assemblies (Rapoport, 1992; Rothman and Orci, 
1992; Silver and Goodson, 1989). The first hint that RNA may be transported as a large 
RNP particle came from work on the BC] mRNA that is localised to dendrites in 
mammalian neurons (Tiedge et al., 1991). When extracted from neuronal tissue, the 
BC] RNA was discovered to be part of a lOS RNP complex (Kobayashi et al., 1991). A 
few years later, Ainger et al showed by high resolution in situ hybridisation that 
localised mRNAs display a granular pattern in the cytoplasm (Ainger et al., 1993). 
Moreover, an in vivo analysis of injected fluorescently labelled mRNA encoding myelin 
basic protein (MBP) also showed that it formed similar-sized particles to those observed 
by in situ hybridisation. In addition these MBP 'granules' showed directed motility and 
were often aligned in tracks along microtubules traversing the cytoplasm, suggesting 
MBP granules might localise by a microtubule mediated process (Ainger et al., 1993). 
These studies represent the first characterisation of intracellular movement of mRNA in 
living cells. 
A variety of microtubule force-generating proteins belonging to the kinesin and dynein 
superfamilies have been identified that could serve is motors for mRNA transport 
(Endow and Titus, 1992; Goldstein, 1991; Vale, 1987). In Drosophila, the segment 
polarity transcript wingless (wg) and pair rule transcripts jIishi tarazu (liz) and runt (run) 
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are apically localised in the blastoderm embryo (Davis and Ish-Horowicz, 1991). An in 
vivo mRNA localisation assay, involving the injection of in vitro transcribed and 
fluorescently labelled wg, ftz, and run mRNAs into living blastoderm embryos 
demonstrated that these RNAs move apically and localise like the endogenous 
transcripts (Lall et al., 1999; Wilkie and Davis, 2001). More importantly, fiz, run and 
wg apical localisation was shown to be microtubule and Dynein, dependent (Wilkie and 
Davis, 2001). The fact that, a minus end directed microtubule motor has been 
implicated in a variety of cellular process including chromosome movements, spindle 
morphogenesis, nuclear positioning and microtubule minus end directed cytoplasmic 
organelle transport, [for review see (Schroer, 1994)], suggests that Dynein mediated 
localisation might be a widely used mechanism for targeting mRNAs to microtubule 
minus ends. 
Microtubules are not the only tracks along which mRNAs can be transported. Ash] 
mRNA localisation in yeast, required for mating type switching has been shown to be 
deficient in mutants in actin, myosin, profihin and tropornyosin, but unaffected in tubulin 
mutants (Jansen et al., 1996; Long et al., 1997; Takizawa et al., 1997). The choice of 
which cytoskeleton networks are used for transport seems to depend on the distances to 
be covered. In general, short-range movement involves actin networks, while in long-
range movement in larger cells microtubules (MT) are required. The latter mechanism 
can be exemplified by the MT mediated transport of mRNAs in somatic cells such as 
neurons, which can span distances of 1 metre or more in large animals (Kloc et al., 
2002). 
Most studies on the mechanism of mRNA localisátion have so far implicated the 
cytoskeleton as the key player in their active transport. However, the study of the 
identity of motor and adaptor proteins specific for the transport of various mRNAs is 
still in its infancy. To date, the mechanism of localisation that is best understood is that 
of Ash-] mRNA in yeast (St Johnston, 2005). Ash] mRNA actin dependent localisation 
to the daughter cell requires the myosin-V motor protein, Myo4 (Shelp), via the 
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interaction of She2p (an RNA-binding protein) and She3p proteins (Munchow et al., 
1999; Takizawa et al., 1997; Takizawa and Vale, 2000). Except for Ash] mRNA there 
are no other examples of an mRNA for which all trans-acting factors, necessary for 
localisation have been elucidated. 
mRNA LOCALISATION IN DROSOPHILA OOGENESIS 
mRNA localisation pathways play a central role in axis determination in Drosophila (St 
Johnston and NUsslein-Volhard, 1992). Before the egg is laid, the oocyte has an 
established polarity determined by the tightly regulated localisation and translation of 
maternal mRNAs. The function of such localisation patterns has been examined in 
detail by genetic studies. However, the mechanism by which such mRNAs reach their 
final destination is only beginning to be elucidated by combining genetic, cell biology 
and in vivo imaging techniques of mRNAs. 
Drosophila oogenesis 
Drosophila embryonic axis formation is the consequence of symmetry-breaking events, 
involving cytoskeletal dynamics, intercellular signalling, RNA localisation and 
translational control that take place throughout oogenesis (Riechmann and Ephrussi, 
2001). Drosophila ovaries are made up of 16-20 ovarioles, each of which contains a 
series of maturing egg chambers (Figure 1-1) (King, 1970; Spradling, 1993). The 
functional unit of oogenesis, the egg chamber, arises from the asymmetric division of a 
germline stem cell into a new stem cell and a cystoblast at the anterior of the ovary in 
the germarium (Figure 1-2). The cystoblast undergoes four incomplete mitotic divisions 
resulting in sixteen cells interconnected by intercellular bridges called ring canals. One 
of the two central cells with four ring canals, called pro-oocytes always becomes the 
oocyte and enters meiosis, whilst 15 others follow a different developmental path 
























Karyosome 	 Oocyte 
(Modified from King 1970) 
Figure 1-1 The Drosophila Ovary 
(A) Schematic of Drosophila ovaries. Each ovary contains 16-20 ovarioles with maturing egg 
chambers toward the posterior of the oviduct. (B) Schematic of different stage egg chambers (stage 
1-8) Germarium is at the anterior (left) with maturing egg chambers toward the posterior. Bottom 
pannel shows a stage 7 and stage 8 egg chamber. Nurse cells (nc), oocytes, oocyte nucleus (on), 
karyosome and follicle cells (fc) are marked. Notice the increase in size of the oocyte by stage 7. 
Black dots in the oocyte of stage 8 represent yolk granules secreted by the follicle cells into the oocyte. 
Note the position of the oocyte nucleus, centre in stage 7, and dorso-anterior by stage 8. Stages 9 
onward are characterised by an increase in oocyte size, and migration of fc to cover the oocyte. 
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Overview of the germarium 
The progress of oocyte specification can be followed by the gradual enrichment of the 
synaptonemal complex, indicative of meiosis, centrióles, and cytoplasmic markers 
including BicD and Egi proteins to the future oocyte (Figure 1-2)(Bolivar et al., 2001). 
The mechanism by which one of the two pro-oocytes is selected to become the oocyte is 
not fully understood. The oocyte might be labelled from the first stem cell division by 
the unequal distribution of the fusome, a branched membranous structure, containing 
high levels of cytoskeletal proteins, including a-Spectrin, -Spectrin, and an ádducin-
like protein encoded by the hu-1i tai shao (hts) gene (Figure 1-2)(de Cuevas and 
Spradling, 1998; McKearin, 1997; Telfer, 1975). Since it has been demonstrated that the 
future oocyte contains more fusome that the fifteen neighbouring cells, and since the 
integrity of the fusome is required for oocyte specification it has been proposed that the 
fusome provides the first cue for oocyte specification (de Cuevas and Spradling, 1998; 
Grieder et at., 2000; Lin et al., 1994). The mechanism by which an unequally 
distributed fusome determines oocyte specification is not fully understood. It has been 
suggested that the inherent polarity of the fusome is used to organise the microtubule 
cytoskeleton of developing cysts (Grieder et al., 2000). Since the correct MT 
polarisation is required for oocyte specification, the fusome may play a role in the 
establishment of MT polarity (Koch and Spitzer, 1983; Theurkauf et al., 1993). 
Furthermore, mutations in Dynein and associated protein, Lis-1 result in the disruption 
of fusome integrity and lack of oocyte specification (Liu et al., 1999; McGrail and Hays, 
1997; Swan et al., 1999). 
Figure 1-2 
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(hts), and Dhc64C 	MT cytoskeleton 	 I 
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IPar-1 	 I 
(Adapted from Huynh et al 2001 and Navarro et al 2001) 
Figure 1-2 Overview of the germarium and oocyte specification 
(A) Diagram of the germarium with regions, 1, 2a, 2b, 3 and corresponding cytoblast 
divisions shown in B. At the most anterior tip of the ovary (left, Region I) a stem cell 
undergoes an asymmetric division producing a cystoblast containing fusome material 
(A, region 1, red circles). The cytoblast divides four times (B Mitosis I-IV) with incomplete 
cytokinesis resulting in a cystoblast of 16 cells interconnected by ring canals. The fusome 
(A red branched structure) extends through the ring canals. In region 2a, oocyte markers 
accumulate transiently in four cells, and then in the pro-oocytes, including Orb, Egl, BicD 
(A green) SC components (A red rings) and centrosomes (blue dots). By region 2B, 
oocyte specific markers are restricted to one cell, and a MTOC centers forms in the ooycte, 
with its plus ends extending via the ring canals (A black rings) into the nurse cells. As the 
cystoblast enter region 3 of the germarium or stage 1, the oocyte moves posteriorly and the 
MTOC is also enriched at the posterior of the ooycte, together with Orb, BicD, EgI (A green). 
(C) Summary of the key events and corresponding genes involved at each step. 
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In addition to the requirement of the fusome and DyñeinlLis-1, oocyte specification 
depends on the function of BicD and egi genes (Mach and Lehmann, 1997; Suter et al., 
1989; Wharton and Struhi, 1989). Loss-of-function mutations in B1cD and egi result in 
cystoblasts with 16 nurse cells and no oocyte (Mach and Lehmann, 1997; Suter et al., 
1989; Wharton and Struhl, 1989). Although the fusome appears to be unaffected in 
BicD and egi mutants, all other asymmetries, including the formation of synaptonemal 
complexes, and formation of a microtubule organising centre (MTOC) in the oocyte are 
absent (Huynh and St Johnston, 2000; Mach and Lehmann, 1997). BicD and Egl thus 
appear to play an essential role in translating fusome asymmetry into the determination 
of an oocyte. Furthermore, depolymerisation of microtubules phenocopies B/cD and egi 
mutations preventing the accumulation of mRNAs into the oocyte and inhibiting oocyte 
specification (Koch and Spitzer, 1983; Theurkauf et al., 1993). Microtubules have 
therefore been proposed to mediate oocyte specification by the transport of proteins and 
mRNAs into the future oocyte (Riechmann and Ephrussi, 2001). 
Interestingly, however, the other two aspects of oocyte specification, migration of the 
centrioles and restriction of meiosis to the oocyte, are independent of microtubules 
(Bolivar et al., 2001; Huynh and St Johnston, 2000). Therefore, although microtubules 
are required for oocyte determination, they are not necessary for all aspects of the initial 
oocyte selection steps. Furthermore, par-], a gene required for oocyte repolansation in 
midoogenesis (Shulman et al., 2000; Tomancak et al., 2000), also plays a role in oocyte 
specification (Cox et al., 2001; Huynh et al., 2001). Interestingly, par-] mutants result 
in the temporal selection of an oocyte, with enrichment of synaptonemal complexes, 
BicD and Egl proteins, but cannot maintain oocyte fate (Cox et al., 2001; Huynh et al., 
2001). Altogether, these results indicate that the unequal distribution of the fusome 
constitutes the primary asymmetry in the cyst, required for all subsequent steps of 
oocyte specification. In addition mutations in structural components of the fusome, or 
the Dynein/Lis- 1 motor result in the absence of fusome formation thus inhibiting oocyte 
specification. The manner in which fusome integrity depends on the action of a 
microtubule minus end directed motor remains elusive. On the other hand, mutations in 
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BicD, and egi, do not affect the fusome integrity but are required for the establishment of 
a polar microtubule network and subsequent enrichment of cytoplasmic markers, whilst 
par-] appears to be required later in oocyte specification, and for maintenance of oocyte 
fate. More recently a new component of the fusome, the spectraplakin Short stop (Shot) 
was identified (Roper and Brown, 2004). Shot is required for association of 
microtubules with the fusome and the subsequent specification of the oocyte and has 
therefore been propose to be the missing link between the fusome and all downstream 
components including BicD and Egl (Roper and Brown, 2004). 
Overview of the vitellarium 
Egg chambers mature as they move posteriorly through the ovariole in 14 
morphologically distinct phases (Figure 1-1B) (King, 1970). Upon exit from the 
germarium the egg chamber adopts the first visible sign of A-P polarity observed in 
oogenesis (Huynh et al., 2001). By stage 1 of oogenesis, the egg chamber consists of 
one oocyte located at the posterior, and an anterior nurse cell cluster completely 
surrounded by a layer of somatic derived, epithelial cells, called follicle cells (Figure 1-
1B) (Spradling, 1993). Throughout oogenesis both the germline and follicle cells 
undergo morphological changes. The follicle cells undergo divisions from stage one to 
six of oogenesis and then cease dividing. Different population of follicles cells arise, 
which vary in their migration pattern and function. Anterior follicle cells produce a 
distinct structure called the micropyle at the anterior end of the egg, posterior follicle 
cells secrete the aeropyle, whilst dorsal follicle cells produce the dorsal appendages. 
The formation of these structures, are indicative of axis specification events occurring in 
oogenesi s. 
From stage 1 onward the nurse cell nuclei increase in size through multiple rounds of 
endomitotic DNA replication. In contrast the oocyte nucleus proceeds through meiotic 
prophase forming a compact structure known as the karyosome (Spradling, 1993). From 
stages 1-6 there is progressive growth of both nurse cells and oocyte at approximately 
the same rate. By stage 7, however the oocyte begins to increase in size, relative to the 
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nurse cells. This is the consequence of the supply of nurse cell produced mRNAs, 
proteins and organelles via actin rich ring canals into the oocyte. From stage 8 onward, 
vitellogenesis, uptake of yolk by the oocyte from follicle cells, begins. This process 
significantly contributes to oocyte growth. By stage 9, follicle cells migrate posteriorly 
to cover the entire oocyte. Moreover, stage 8/9 can be distinguished by the dorsal 
position of the oocyte nucleus (see following section). Lastly, at the onset of stage 1013, 
a rapid and non-selective transport of nurse cells nutrients, referred to as 'dumping' 
occurs (Mahajan-Miklos and Cooley, 1994). The last stages of oogenesis result in the 
apoptosis of nurse cells and follicle cells. 
The function of mRNA localisation in Drosophila oogenesis 
The importance of mRNA localisation in Drosophila. oogenesis was revealed by a 
number of maternal effect mutations that manifest embryonic patterning defects (Mohler 
and Wieschaus, 1986; Schupbach and Wieschaus, 1989). These patterning defects can 
be identified by the absence or ectopic formation of eggshell structures produced by 
different populations of follicle cells specified in oogenesis. The following section 
describes the function of key maternal transcripts for which localisation is crucial for 
correct anterior-posterior (A-P) and dorso-ventral (D-V) patterning of the Drosophila 
embryo. 
Interestingly, both the A-P and D-V axes of Drosophila are established in oogenesis by 
the same signalling pathway composed, of an oocyte ligand, Gurken (Grk) a TGFa 
homologue, and a somatically expressed receptor, Torpedo (Top) an EGFR homologue 
(Gonzalez-Reyes et al., 1995; Neuman-Silberberg and SchUpbach, 1993; Roth et al., 
1995a). The pattern of grk mRNA localisation reflects its dual role in axis specification. 
At different stages of oogenesis, grk mRNA is enriched at the cortex of the oocyte 
restricting the range of Grk signalling to adjacent follicle cells. During stages 1-7 grk 
mRNA is enriched at the posterior of the oocyte in a tight crescent between the oocyte 
nucleus and the follicle cells (Figure 1-3 and 1-4) (Neuman- Silberb erg and Schupbach, 
1993). As oogenesis proceeds and the oocyte nucleus migrates to the anterior corner, 
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grk mRNA transiently accumulates at the anterior margin of the oocyte in stage 8, 
finally localising by stage 9 to the dorso-anterior corner between the oocyte nucleus and 
the follicle cells, a localisation pattern known as the dorsal cap (Figure 1-3) (Neuman-
Silberberg and Schupbach, 1993). 
The function of this localisation pattern has been elegantly demonstrated by genetic 
analysis, in which the absence of grk mRNA in the germline, or Top receptor in the 
follicle cells results in female sterility with eggs exhibiting both A-P and D-V 
phenotypes as indicated by the surrounding egg shell structures. grk or top mutant 
mothers lay eggs which are ventralised (lacking dorsal appendages) and containing an 
ectopic micropyle (an anterior chorion structure) at the posterior of the egg shell 
(Gonzalez-Reyes et al., 1995; Neuman-Silberberg and Schtipbach, 1993; Roth et al., 
1995a). 
Localisation of grk mRNA to the posterior of the oocyte results in a locally restricted 
pool of Grk protein and subsequent signalling to the adjacent follicle cells to adopt a 
posterior fate, instead of the default anterior fate (Figure 1-3). Posterior follicle cells 
send an unidentified signal back to the oocyte that results in a microtubule repolarisation 
within the oocyte (Gonzalez-Reyes et al., 1995). Prior to Grk signalling, during stages 
1-7, the microtUbule organising centre (MTOC) appears to be located at the posterior of 
the oocyte as indicated by a number of microtubule minus end markers (Figure 1-3) 
(Clark et al., 1994; Clark et al., 1997; Theurkauf et al., 1992). As a consequence of Grk 
signalling, the MTOC at the posterior of the oocyte disassembles and a new diffuse 
MTOC is formed along the anterior of the oocyte, as indicated by microtubule minus 
end markers (Brendza et al., 2000b; Clark et al., 1997) This oocyte microtubule 
repolarisation leads to the migration of the oocyte nucleus and grk mRNA to the anterior 
cortex of the oocyte (Figure 1-3) (Gonzalez-Reyes et al., 1995; Roth et al., 1995). The 
new location of the oocyte nucleus and associated grk mRNA defines the dorsal side of 
the oocyte, as Gik signals to the adjacent follicle cells to adopt a dorsal fate (Gonzalez-
Reyes et al., 1995; Neuman-Silberberg and SchUpbach, 1993; Roth et al., 1995a). 
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Figure 1-3 Function of grk rnRNA localisation 
Schematic showing the localisation of grk mRNA and protein in stage 7 and 9 egg chambers. 
Top row denotes the distribution of grk, bcd and osk mRNA in wt egg chambers. During 
stage 7 grk mRNA and protein localise posteriorly in the ooycte (red) where the minus ends 
of the MT lie. Grk signals to the adjcent follicle cells (pink) to adopt a posterior fate. An 
unidentified signal is sent back to the oocyte resulting in a microtubule reorganisation with 
the MT minus ends distributed along the anterior of the oocyte and microtubule plus ends 
at the posterior of the oocyte. This results in oocyte nucleus migration and grk mRNA and 
protein accumulation to the dorso anterior corner (most evident at stage 9). The new 
microtubule polarity leads to the localisation of bcd and osk mRNAs at opposite poles in the 
oocyte. At the dorso-anterior corner Grk protein signals to the adjacent follicle cells to adopt 
a dorsal fate. As a consequence two dorsal appendages are produced by the specified dorsal 
follicle cells. In the absence of grk mRNA (grk RNA null mutants), no microtubule 
reorganisation and nucleus migration occurs, leading to an ectopic localisation of bcd mRNA 
at the anterior and posterior poles and osk mRNA at the centre of the oocyte. Note that bcd 
and osk mRNA appear to localise to the minus and plus ends of microtubules respectively. 
Since there is no grk IURNA and protein, the posterior and dorsal follicle cells are not 
specified to become posterior and dorsal in the first and second Grk signalling steps 
respectively, these cells become anterior and ventral follicle cells resulting in 
the secretion of anterior structures at the posterior of the egg and lack of dorsal appendages 
producing a ventralised egg. 
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Figure 1-4 Localisation patterns of grk, bcd, and osk mRNAs 
(A-C) Diagrams of the localisation patterns of grk, bcd and osk mRNA in oogenesis with 
those mutations that affect the localisation of each respective mRNA at different stages of 
oogenesis. (A) grk mRNA is expressed early in oogenesis from stage 1. grk ruRNA 
accumulates in the oocyte and localises posteriorly from stage 6 onward. After microtubule 
repolansation, grk mRNA is enriched at the dorso-anterior corner (B) bcd mRNA is first 
detected in stage 4/5 oocytes, where it accumulates loosely at the posterior of the oocyte from 
stage 6 onward. After microtubule repolarisation by stage 9 bcd mRNA accumulates at the 
anterior of the oocyte (C) osk mRNA is expressed early in oogenesis from stage 1. osk 
rnRNA accumulates in the oocyte similarly to grk mRNA. After microtubule repolarisation 
osk mRNA is transiently observed at the anterior of the oocyte and in the centre of the oocyte. 
By stage 9 osk mRNA accumulates at the posterior of the oocyte. Above all diagrams are the 
names of the genes involved in the localisation of each mRNA. 
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The microtubule reorganisation that occurs during stage 7 of oogenesis is crucial for the 
localisation of bcd and osk mRNAs at opposite poles of the oocyte and subsequent 
patterning of the embryo (Figure 1-3 and 1-4). bcd mRNA which localises to the 
anterior margin of the oocyte encodes a homeodomain protein that is translated after 
fertilisation forming a morphogen gradient necessary for specification of the fly head 
and thorax (Berleth et al., 1988; Driever and NUsslein-Voihard, 1988). Similarly, the 
localisation of osk mRNA at the posterior of the oocyte defines the site of formation of 
the germ cells and posterior structures through the recruitment of other posterior 
components by the Osk protein (Ephrussi et al., 1991; Kim-Ha et al., 1991). Mutants in 
which the first Grk signalling event does not take place, either due to mutations in the 
germline (grk, p/ca) or in the follicle cells (top, merlin) result in a failure of the MTOC at 
the posterior to disassemble, preventing oocyte nucleus migration (Gonzalez-Reyes et 
al., 1995; Lane and Kalderon, 1994; MacDougall et al., 2001; Roth et al., 19954). As a 
result, the oocyte adopts a mirror MT polarity with its minus ends at the cortex and its 
plus ends in the centre of the oocyte. This leads to the ectopic localisation of bcd 
mRNA to the anterior and posterior and os/c mRNA to the centre of the oocyte (Figure 1-
3). Therefore the first Grk signalling event, mediated by grk mRNA localisation at the 
posterior of the oocyte, ensures that those mRNAs crucial for embryo patterning are 
localised accordingly. 
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Trans-acting factors involved the localisation of grk, osk and bcd mRNAs 
in the oocyte 
Sgd and K] 0 are required for grk mRNA localisation 
Female sterile genetic screens have been invaluable in identifying a number of trans-
acting factors required for grk, bcd and osk mRNA localisation. Whilst some grk mis 
localisation phenotypes appear to arise as a result of cytoskeletal defects, such as, capu 
and spire (Manseau and SchUpbach, 1989); others seem to play a more direct role in the 
transport of grk mRNA (Figure 1-4). Mutations in squid (sqd) and K1O have the 
opposite effect on DV polarity, to that of grk and top mutants, giving a gain of function 
dorsalisation phenotype (Kelley, 1993; Neuman- Silberberg and SchUpbach, 1993; 
Serano and Cohen, 1995; Wieschaus et al., 1978). In sqd and K1O egg chambers grk 
mRNA is mislocalised to the anterior of the oocyte resulting in ectopic Grk signalling 
around the entire circumference of the oocyte, This expansion of Grk signalling results 
in the specification of dorsal fate to dorsal and ventral follicle cells, and subsequent 
production of dorsal appendages around the entire circumference of the oocyte. 
Interestingly, the name sqd, derives from the squid like phenotype of the eggs. The fact 
that both mutations sqd and K1O result in the ectopic loëalisation and translation of grk, 
underpins the importance of translational regulation of localised mRNAs. Moreover, the 
coupling of phenotypes suggests that localisation and translational control are tightly 
linked. 
sqd encodes a heterogenous nuclear ribonucleoprotein (hnRNP), also known as Hrp40 
(Matunis et al., 1994; Matunis et al., 1992a; Matunis et al., 1992b). I{nRNPs belong to a 
family of RNA-binding proteins that have been implicated in a variety of cellular 
processes including, transcription, splicing, nuclear transport, localisation, translation 
and protein stability (Dreyfuss et al., 2002). HnRNP association is highly dynamic 
changing with every step of RNA processing, as required by the specific RNA complex. 
Each mRNA molecule is presumably associated in a unique complex that ultimately 
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specifies its fate by influencing the structure of the RNA and facilitating its interactions 
with trans-acting factors (Dreyfuss et al., 2002). 
Sqd contains the common HnRNP domains, including two RNA binding domains, and 
an M9-like nuclear shuttling motif (Dreyfuss et al., 2002; Krecic and Swanson, 1999). 
The fact that grk mRNA is mislocalised in sqd mutants, suggests that Sqd might play a 
direct role in the transport of grk mRNA to the dorsal cap. Indeed, in a study of Sqd role 
in grk mRNA localisation, UV-crosslinking experiments show a physical interaction 
between grk 3'UTR and Sqd (Norvell et al., 1999). However, understanding of Sqd 
function is complicated by the existence of three protein isoforms SqdA, SqdB and 
SqdS. Interestingly Norvell et al demonstrated that different protein isoforms are 
required for different aspects of grk mRNA regulation. To study the separate function of 
each isoform, independent rescue experiments of D-V polarity defects were performed 
in the sqd' background (an allele which lacks expression of all three isoforms, from here 
onward referred to as sqd) (Norvell et al., 1999). Their results show that SqdS function 
can restore the normal pattern of grk mRNA and protein distribution resulting in a 
significant increase of wt eggs. SqdA on the other hand, is less effective in restoring grk 
mRNA localisation but produces less mislocalised Grk protein than SqdB that cannot 
rescue any aspect of grk mRNA regulation. Interestingly, females carrying one copy of 
SqdS and SqdA transgenes lay nearly all wt eggs, when compared to the lower 
proportion of wt eggs layed by females with two copies of either transgene. Therefore 
SqdS and SqdA were suggested to act together in the localisation and translational 
control of grk mRNA to the dorsal cap. The functional differences between all three 
Sqd isoforms correlate with their different subcellular distributions (Norvell et al., 
1999). Both SqdB and SqdS accumulate in the nurse cell nuclei. In addition SqdS was 
shown to accumulate in the oocyte nucleus. On the other hand no nuclear accumulation 
is observed for SqdA as it appears homogenously distributed in the nurse cell and oocyte 
cytoplasm. From the subcellular distributions and complementary functions of the 
different Sqd isoforms, Norvell et al have proposed a model in which gric mRNA 
transcribed in the oocyte nucleus assembles into a complex with SqdS, and is 
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subsequently exported into the cytoplasm where it associates with SqdA necessary for 
translational regulation. 
The mechanism by which K10 protein mediates grk localisation is less clear. K1O 
encodes a protein with helix-loop-helix domains, thus predicted to interact with DNA 
(Cheung et al., 1992; Prost et al., 1988; Serano et al., 1995). Interestingly, K1O protein 
accumulates in the oocyte nucleus like SqdS. Norvel et al demonstrated that the 
localisation of Sqd protein to the oocyte nucleus is abolished in K1O mutants. Therefore 
Sqd protein nuclear accumulation is dependent on K1O function. In contrast K1O oocyte 
nucleus accumulation is independent of Sqd (Norvell et al., 1999). Since SqdS was 
observed to accumulate in the oocyte nucleus and function in the localisation and 
translational control of grk mRNA, these results suggest that the defect in grk mRNA 
distribution in K1O mutant egg chambers might be a secondary effect of SqdS 
distribution. Moreover, co-immunoprecipitation experiments show a physical 
interaction between SqdS and K1O protein (Norvell et al., 1999). These results have led 
to a. model in which K1O and SqdS form a complex in the oocyte nucleus that is required 
for grk mRNA localisation and translational regulation in the cytoplasm. Alternatively 
since Sqd belongs to a family of shuttling hnRNPs, its association with K1O in the 
oocyte nucleus could be followed by export into the oocyte cytoplasm where it interacts 
with grk mRNA to mediate its localisation. 
The site of grk mRNA transcription 
A model in which K1O and SqdS associate in the oocyte nucleus to mediate gric mRNA 
localisation assumes that the site of grk mRNA transcription is the oocyte nucleus. 
Although compatible with results obtained by Norvell et a!, the suggestion that grk 
mRNA might be produced by the oocyte nucleus is in disagreement with earlier studies 
demonstrating that the oocyte nucleus is transcriptionally silent (King and Burnett, 
1959). Uridine-H3 yeast fed flies were examined for uptake of uridine-H 3, an indicator 
of RNA synthesis. These studies show strong transcriptional activity in the nurse cell 
nuclei, and to a lesser extent in the cytoplasm of egg chambers from stage 1-14, but none 
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in the oocyte nucleus (King and Burnett, 1959). Moreover the state of the oocyte 
nucleus DNA structure throughout oogenesis is in general, incompatible with 
transcriptional activity, although some loci could be derepressed. Early in oogenesis, in 
region 2B of the germarium, the oocyte nucleus condenses its DNA forming the 
karyosome and entering Prophase I of meiosis, a phase in which it remains until stage 14 
of oogenesis (Spradling, 1993). In addition, a study addressing the localisation signals 
required for grk mRNA localisation, show that a grk transgene containing the entire grk 
gene including its promoter, but lacking sequences in the ORF accumulate in the nurse 
cell cytoplasm, instead of accumulating exclusively in the oocyte (Thio et al. ; 2000). 
This suggests that nurse cells can transcribe grk mRNA. Altogether these facts argue 
against a model describing the transcription of grk mRNA by the oocyte nucleus. 
On the other hand, the evidence that has led to the proposal that grk mRNA is 
transcribed by the oocyte nucleus is based on the following experiments designed to 
eliminate the transport of nurse cell produced mRNAs into the oocyte (Saunders and 
Cohen, 1999). Previous studies demonstrated that microtubules are required for mRNA 
transport into the oocyte, as indicated by nurse cell accumulated bcd and osk mRNAs in 
coichicines treated egg chambers (Pokrywka and Stephenson, 1995). Saunders et al, 
performed equivalent experiments examining the distribution of grk mRNA after 
colchicine treatment. In contrast to osk mRNA that remains accumulated in the nurse 
cells, grk mRNA accumulated evenly in the oocyte cytOplasm of colchicine treated egg 
chambers (Saunders and Cohen, 1999). These experiments demonstrated for the first 
time, that grk mRNA localisation in the oocyte is microtubule dependent. By 
comparison to the results obtained with osk mRNA known to be transcribed in the nurse 
cells, Saunders et al suggested that the lack of nurse cell accumulated grk mRNA, and 
presence of unlocalised grk mRNA in the oocyte of colchicine treated egg chambers is a 
reflection of its production by the oocyte nucleus. An alternative interpretation 
however, is that since the timing of grk mRNA transcription is not fully understood, the 
delocalised oocyte grk mRNA signal observed in colchicine treated egg chambers might 
be the consequence of early grk mRNA transport into the oocyte, prior to microtubules 
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depolymerisation. Further observations that have led to a model of grk mRNA 
transcription in the oocyte nucleus arise from the fact that unlike bcd and osk, no grk 
mRNA is detected by in situ hybridisation in the nurse-cell cytoplasm. Moreover, the 
close association of grk mRNA and protein with the oocyte nucleus has led to the 
proposal that anchoring of the message upon export from the oocyte nucleus mediates 
localization (Goodrich et al., 2004; Norvell et al., 1999). Therefore, in order to 
understand the mechanism by which oocyte nucleus accumulated K10 and SqdS mediate 
grk mRNA localisation, experiments directly addressing the site of grk mRNA 
transcription must be carried out. Moreover, a direct demonstration of grk mRNA 
transcription by the oocyte nucleus would unravel a number of fascinating questions 
concerning the developmental mechanism promoting transcriptional activation in an 
otherwise silent nucleus. 
Sad is required for osk mR/VA localisation 
Recent data suggests that the role of Sqd in oogenesis is not specific to grk mRNA 
regulation (Goodrich et al., 2004; Norvell et al., 2005). sqdmutant egg chambers show a 
transient delay in osk mRNA localisation to the posterior pole of the oocyte (Norvell et 
al., 2005). osk mRNA localisation at the posterior of the oocyte is essential for germline 
and abdomen formation (Ephrussi et al., 1991; Kim-Ha et al., 1991), where Osk protein 
recruits other trans-acting factors necessary for pole plasm formation. From stage 1 of 
oogenesis, osk mRNA is transcribed in the nurse cells and transported into the oocyte 
where it accumulates and localises posteriorly. During stage 8 a transient anterior 
accumulation is observed and by stage 9 osk mRNA is localised at the posterior of the 
oocyte (Ephrussi et al., 1991; Kim-Ha et al., 1991). In sqd oocytes, a significant number 
of egg chambers show anteriorly localised osk mRNA in stage 9 oocytes, suggesting that 
sqd might be involved in osk mRNA transport from the anterior to the posterior of the 
oocyte. The fact that osk 3 'UTR physically interacts with Sqd protein, further supports 
this (Norvell et al., 2005). 
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A link between nuclear processing- and mRNA localisation 
Other trans-acting factors involved in osk mRNA locálisation to the posterior of the 
oocyte, include a nuclear exon junction complex (EJC), containing Mago nashi and 
Y14/Tsunagi, and Barentz (Hachet and Ephrussi, 2001; Mohr et al., 2001; Newmark and 
Boswell, 1994; van Eeden et al., 2001). The involvment of the EJC complex suggests 
that proteins assembled during the splicing process are necessary for imprinting on osk 
mRNA its cytoplasmic destination. Indeed an elegant study recently published 
demonstrates that splicing of the first intron in osk mRNA is necessary for correct 
posterior localisation (Hachet and Ephrussi, 2004). Furthermore, a new component of 
the complex has been recently identified, elF4III, that genetically and physically 
interacts with Barentz protein (Palacios et al., 2004). Interestingly, in humans the same 
protein complex, Y14, Magoh, e1F4Ill, Barentz is involved in a different biological 
process, non-sense mediated decay (Palacios et al., 2004). However an additional role 
for this complex in mRNA localisation in human cells is highly plausible since Barentz 
protein has been observed to localise in hippocampal neurons (Macchi et al., 2003). 
Since Barentz is cytoplasmic, and Mago nashi, Y14 and elF4III are nuclear proteins, the 
authors suggest that assembly of the RNP occurs in a step-wise manner, with imprinting 
in the nucleus and subsequent association with Barentz protein in the cytoplasm 
(Palacios et al., 2004). 
This model of osk RNP step-wise assembly in different compartments of the egg 
chamber is similar to that suggested by the association of SqdS grk RNP in the oocyte 
nucleus and subsequent SqdA interaction in the cytoplasm. Interestingly, grk mRNA, 
although spliced, localises correctly in mutants of the EJC complex (Hachet and 
Ephrussi, 2001; Mohr et al., 2001; Newmark and Boswell, 1994). On the other hand, a 
mutation in the Drososphila homologue of PUF60, half pint (lyi), an RNA binding 
protein characterised as a general splicing factor, results in a defect in the splicing of grk 
mRNA characterised by inefficient removal of its third intron (Van Buskirk and 
Schupbach, 2002). hfp mutants show a similar phenotype to sqd mutants, including a 
mislocalisation of grk mRNA at the anterior of the oocyte in stage 9 and resulting DV 
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polarity defects (Van Buskirk and Schupbach, 2002): However, these defects are 
unlikely to be due inefficient splicing of grk mRNA because to the following reasons. 
First, previous studies have shown that insertion of a fragment of the lacZ gene into the 
grk cDNA at a position analogous to the third intron does not disrupt grk mRNA 
localisation (Thio et al., 2000). Secondly, hfp mutants show splicing defects in another 
transcript, otu mRNA involved in various aspects of oogenesis (King and Storto, 1988; 
Sass et al., 1995; Steinhauer and Kalfayan, 1992). Interestingly, expression of Otu 
protein in the hfp mutant background greatly reduces the grk mRNA mislocalisation 
defects (Van Buskirk and Schupbach, 2002). This suggests that otu is required for grk 
mRNA localisation, although the exact mechanism by which this occurs, remains to be 
elucidated. Therefore unlike osk mRNA, no direct link between splicing in the nucleus 
and localisation in the cytoplasm has yet been established for grk mRNA. 
Common trans-acting factors involved in grk and osk mRNA localisation 
Translation of osk is tightly repressed prior to its localisation to the posterior of the 
oocyte (Kim-Ha et al., 1995; Markussen et al., 1995; Rongo et al., 1995). The 
importance of osk translational repression is evident in mutants in which its ectopic 
translation causes severe patterning defects (Ephrussi and Lehmann, 1992; Smith et al., 
1992). The mechanism of osk translation repression has been suggested to occur 
through a 5'/3' interaction mediated by an eIF4E-Cup-Bruno complex(Kim-Ha et al., 
1995; Nakamura et al., 2004; Webster et al., 1997). Interestingly Bruno has also been 
implicated in grk translation regulation (Filardo and Ephrussi, 2003). Over-expression 
of Bruno protein results in ventralised eggs suggestive of an absence of grk protein in 
these eggs. Therefore Bruno appears to negatively regulate grk mRNA translation. In 
addition to the shared requirement of Sqd and Bruno in grk and osk mRNA regulation, 
recent studies demonstrate that another hnRNP, Hrp48 also participates in the 
localisation and translation of these mRNAs (Goodrich et al., 2004; Yano et al., 2004). 
The increasing number of shared trans-acting factors between different mRNAs poses 
the question of how specificity is achieved. Presumably, the process of niRNA 
localisation from its site of transcription to its final destination involves a dynamic 
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assembly between specific cis-acting sequences and trans-acting factors that vary in their 
composition in time and space. Identifying these key trans-acting factors that provide 
the difference in final destination is the greatest challenge we face in the field. 
Stay is required for osk and bcd mRNA localisation 
In oogenesis Stau plays key roles in the regulation of osk and bcd mRNAs at opposite 
poles of the oocyte, as indicated by A-P polarity defects in stau mutant eggs (Nusslein-
Volhard et al., 1987; SchUpbach and Wieschaus, 1986). Stau is required for several 
aspects of osk mRNA regulation, including its transport from the anterior to the posterior 
of the oocyte, anchoring and translation of the RNA once it has reached the posterior 
pole (Figure 1-4) (Ephrussi et al., 1991; Kim-Ha et al., 1991; Micklem et al., 2000; 
Rongo et al., 1995; St Johnston et al., 1991). Furthermore, Stau colocalises with osk 
mRNA throughout oogenesis, in both wt and all mutant conditions examined so far, and 
this localisation requires osk mRNA (Ferrandon et al., 1994; St Johnston et al., 1991). 
In the embryo, Stau localises to the anterior cortex where it plays a role in anchoring bcd 
mRNA (Ferrandon et al., 1994; St Johnston et al., 1989). The role of Stau in oogenesis 
seems to be specific to osk and later bcdmRNA, as no D-V patterning defects, indicative 
of grk mislocalisation and translation, are observed in stau mutant eggs. 
Exu and swa are required for bcd mRNA localisation 
Several other genes are necessary for the anterior localisation of bcd mRNA at earlier 
stages of oogenesis. exuperantia (exu) is required for the anterior accumulation of bcd 
mRNA from stage 7 onward, and appears to function in the nurse cells to render the 
RNA competent to localise in the oocyte (Figure 1-4) (Berleth et al., 1988; Cha et al., 
2001; St Johnston et al., 1989). bcd mRNA is first detected in the oocyte of stage5-6 
egg chambers localising to an anterior ring from stage 8 onward (St Johnston et al., 
1989). As oogenesis proceeds, during stages 9-10, increasing amounts of bcd mRNA 
can be detected in the oocyte, in an anterior ring, and in peripheral regions around the 
nurse cell nuclei (Figure 1-4)(St Johnston et al., 1989). Interestingly in exu mutant egg 
chambers both the anterior localisation in the oocyte and nurse cell peripheral 
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accumulation is diminished (St Johnston et al., 1989). In swallow (swa) mutants, the 
initial localisation of bcd mRNA is normal until stage lOB when the RNA seems to 
detach from the cortex (Figure 1-4) (Berleth et al., 1988; St Johnston et al., 1989). 
Recent biochemical studies have resulted in the purification of a protein complex that 
physically interacts with bcd RNA (Am et al., 2003). These RNA binding proteins 
include poly A binding protein (PABP), Modulo (Mod) a multifunctional protein that 
binds DNA and RNA (Perrin et al., 1999), and Smooth (Sm) a protein related to 
V8RBP60 implicated in binding to Vgl mRNA in Xenopus oocytes (Cote et al., 1999; 
zur Lage et al., 1997). modulo mutants show deficient anterior accumulation of bcd 
mRNA, without disruption of the cytoskeleton (Am et al., 2003). This therefore 
suggests that Modulo participates directly in the localisation of bcd mRNA at the 
anterior margin of the oocyte. The functional significance of the other proteins remains 
to be elucidated. 
The mechanism of grk, bcd and osk mRNA localisation in the oocyte 
Active transport along cytoskeletal elements appears to be the most widely used 
mechanism of mRNA localisation (Tekotte and Davis, 2002). Molecular motors have 
been implicated in numerous biological processes including organelle and protein 
transport, cell division and nuclear migration (Schroer, 1994). Throughout oogenesis, 
Drosophila egg chambers contain a polar microtubule network that mediates grk, bcd 
and osk mRNA localisation (Figure 1-3)(Martin et al., 2003; Theurkauf et al., 1992). 
Oocyte microtubule polarity has been inferred from the distribution of markers for the 
minus and plus ends of microtubules. From stage 2 to stage 6 of oogenesis the MTOC 
lies at the posterior of the oocyte, with the plus ends of the microtubules presumably 
extending into the nurse cells (Clark et al., 1994; Clark et al., 1997; Theurkauf et al., 
1992). During stage 6-7, as a result of Grk signalling to the adjacent posterior follicle 
cells, the MTOC at the posterior disassembles, and an anterior to posterior gradient of 
microtubules forms in the oocyte (Figure 1-3) (Lane and Kalderon, 1994; Ruohola et al., 
1991; Theurkauf et al., 1992). A marker for the plus end of microtubules, the motor 
domain of Kinesin heavy chain fused to f3-Galactosidase (Kin-n-Gal) localises to the 
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posterior during these stages, whereas the putative minus end marker, nod-Gal, and the 
MTOC component Centrosomin localise to the anterior (Brendza et al., 2000b; Clark et 
al., 1994; Clark et at., 1997). Thus a simple model involving a microtubule network 
with its minus and plus ends at the anterior and posterior of the oocyte has been 
suggested to mediate the localisation of bcd and osk rnRNA at opposite poles of the 
oocyte. 
Little is known about how the oocyte microtubule cytoskeleton becomes polarised 
(Martin et al., 2003). Its significance, however, is evident from the phenotypes 
displayed by mutants that disrupt microtubule organisation. In mutants that abolish the 
bidirectional-signalling event between the oocyte and the follicle cells at the posterior of 
the oocyte, such as grk, top, merlin, p/ca, mago nashi, and Yi4, the posterior MTOC 
does not disassemble, and the oocyte nucleus does not migrate to the dorso-anterior 
corner (Gonzalez-Reyes et at., 1995; Hachet and Ephrussi, 2001; Lane and Kàlderon, 
1994; MacDougall et al., 2001; Micklem et al., 1997; Mohr et al., 2001; Newmark et al., 
1997; Roth et al., 1995a). This leads to the formation of a symmetric microtubule 
cytoskeleton that directs the localisation of grk mRNA near the oocyte nucleus at the 
posterior, bcd mRNA to both poles and osk mRNA to the centre (Figure 1-3). Another 
class of microtubule organisation mutants include par-i Oocytes. Interestingly Par-1 has 
been implicated in two possibly equivalent microtubule reorganisation events that occur 
in oogenesis, one in the germarium in oocyte specification (Cox et al., 2001; Huynh et 
at., 2001), and the other in midoogenesis (Shulman et al., 2000; Tornancak et al., 2000). 
In the germarium, as the oocyte is specified, centrioles migrate into the oocyte, forming 
a MTOC near the ring canals (Bolivar et al., 2001; Grieder et al., 2000). As the egg 
chamber exits the germarium, entering the vitellarium, the MTOC migrates posteriorly. 
The identity of the inductive signal that leads to this microtubule reorganisation is 
unknown. Interestingly, par-] mutants show a lack of microtubule reorganisation, from 
anterior to posterior, and subsequent loss of oocyte fate. The exact reason for which 
oocyte specification fails however is not completely understood. In hypomorphic par-i 
mutants that survive through midoogenesis, the posterior MTOC disassembles normally, 
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but the microtubule plus ends and osk mRNA become focussed in the centre of the 
oocyte (Benton and St Johnston, 2002; Shulman et al., 2000; Tomancak et al., 2000). 
Therefore Par-1 protein might be involved in the organisation of microtubule plus ends. 
Although the mechanism of microtubule reorganisation is not well understood, it is clear 
that it plays a central role in mRNA localisation and thus axis specification in 
Drosophila. 
The mechanism of bcd mRI'JA localisation in the oocyte 
The importance of microtubules in mRNA localisation is further demonstrated by 
microtubule inhibitory studies. Depolymerisation of microtubules by colchicine or 
colcemid treatment disrupts the localisation of grk bcd and osk mRNA in the oocyte 
(Clark et al., 1994; Pokrywka and Stephenson, 1991; Saunders and Cohen, 1999). 
However this does not demonstrate a direct role in the transport of mRNAs along 
microtubules. In vivo imaging studies revealed that Exu-GFP particles, indicative of 
bcd mRNA, move in directed paths at speeds suggestive of active transport (Theurkauf 
and Hazelrigg, 1998; Wang and Hazelrigg, 1994). Moreover, colchicine treatment 
abolishes this particle behaviour suggesting that directed Exu-GFP movement occurs 
along microtubule tracks (Theurkauf and Hazelrigg, 1998; Wang and Hazelrigg, 1994). 
Ribonucleoprotein particles have been previously shown to move along microtubules 
with molecular, motors in other systems (Ainger et al., 1993; Wilkie and Davis, 2001). 
Furthermore, recent work suggests that fluorescently labelled bcd RNA, when injected 
in the nurse cells is capable of moving into the oocyte, via ring canals, and localise 
anteriorly like endogenous bcd mRNA (Cha et al., 2001). The behaviour of bcd RNA 
particle motility is consistent with that observed for Exu-GFP. Strikingly, injection of 
bcd RNA into the oocyte results in cortical localisation proximal to the injection site, 
rather than anterior accumulation as is observed for endogenous bcd mRNA. By.a series 
of technically challenging experiments, the authors performed 'injection-suck-injection' 
(ISI) assays whereby nurse cell injected bcd RNA, withdrawn and injected into an 
oocyte of a different egg chamber results in the correct localisation to the anterior 
margin of the oocyte, regardless of its site of injection (Cha et al., 2001). The inability 
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of oocyte injected bcd RNA to localise to the anterior of the oocyte suggests that a trans-
acting factor present in the nurse cell cytoplasm mediates bcd localisation. Interestingly, 
this trans-acting factor was shown to be Exu protein (Cha et al., 2001) previously shown 
to be required for bcd mRNA localisation (Berleth et al., 1988; St Johnston et al., 1989). 
Moreover, by using this injection assay, the movement of bcd mRNA into the oocyte as 
indicated by the transport of bcd RNA particles toward the ring canals was abolished in 
the presence of microtubule inhibitors (Cha et al., 2001). Altogether this data suggests 
that bcd mRNA association with exu protein in the nurse cells, renders bcd RNP 
particles competent to localise correctly in the oocyte. This transport into the oocyte and 
localisation is microtubule dependent. The identity of the microtubule motor mediating 
this transport into the oocyte and localisation to the anterior cortex was not addressed. 
Since bcd mRNA localisation is similar to the distribution of microtubule minus end in 
stage 8 onward oocytes, a minus end microtubule motor has been suggested to mediate 
this process (Cha et al., 2001). Indirect support for this model arises from a two-hybrid 
interaction between Swa, a trans-acting factor required for bcd mRNA localisation, and 
Dynein light chain. Thus the authors propose that Dynein light chain might be the linker 
between bcd mRNA and Swa. Once at its destination bcd mRNA is thought to require 
Stau protein for anchoring. The involvement of the actin, nor the microtubule 
cytoskeleton in bcd mRNA anchoring, remains to be elucidated. 
The mechanism of osk mRNA localisation in the oocyte 
In contrast to bcd, osk mRNA anchoring at the posterior of the oocyte has been shown to 
depend on the actin network as mutants in the actin-related proteins Profilin and 
Tropomyosin II disrupt osk mRNA localisation at the posterior (Erdelyi et al., 1995; 
Manseau et al., 1996). Since osk mRNA movement is directed toward the site of the 
oocyte where microtubule plus ends lie, a microtubule plus end motor has been proposed 
to mediate osk mRNA posterior localisation. Indeed mutations in the heavy chain of the 
plus end directed microtubule motor, Kinesin I abolish the posterior localisation of osk 
mRNA (Brendza et al., 2002). Moreover, kinesin I colocalises with osk mRNA at the 
posterior of the oocyte (Palacios and Johnston, 2002). In addition osk mRNA posterior 
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localisation requires microtubules since it is disrupted by MT-inhibitors and by 
mutations that alter the arrangement of the MT network in the oocyte (Gonzalez-Reyes 
et al., 1995; Martin and St Johnston, 2003; Roth et al., 1995b; Shulman et al., 2000). 
Altogether this data suggests that Kinesin I actively transports osk mRNA along 
microtubules toward the plus ends at the posterior pole. Analysis of kinesin light chain 
(k/c) mutants revealed the surprising result that Kinesin light chain, previously observed 
to mediate cargo interaction in other systems, is not required for osk mRNA localisation 
to the posterior pole (Palacios and Johnston, 2002). Therefore this suggest that another 
trans-acting factor, or Kinesin accessory protein mediates binding of osk mRNA to the 
Kinesin motor. 
A recent study however challenges the model in which osk mRNA is transported by 
Kinesin from the anterior to posterior of the oocyte. Cha et al have recently shown that 
microtubule minus ends are not just present at the anterior of the oocyte, as previously 
reported by several authors, but also around most of the oocyte cortex (Cha et al., 2002). 
In addition, Cha et al showed an accumulation of mislocalised osk mRNA along the 
oocyte cortex, previously undetected, in kinesin heavy chain (khc) mutant germ line 
clones. These results have led the authors to suggest a model in which Kinesin is 
required to exclude osk mRNA from the cortex of the oocyte, transporting osk mRNA 
into the centre of the oocyte. The authors suggest that centrally accumulated osk mRNA 
then moves to the posterior by diffusion and anchoring rather than active transport. In 
support of this, cytoplasmic flows have been shown to facilitate osk mRNA anchoring at 
the posterior of the oocyte (Glotzer et al., 1997). In the absence of an assay to directly 
visualise osk RNP particle motility it is difficult to distinguish between the two proposed 
models: Kinesin active transport from the anterior to the posterior vs kinesin mediated 
cortical exclusion of osk mRNA and final accumulation at the posterior of the oocyte by 
diffusion and anchoring. 
In contrast to bcd and osk mRNA, the mechanism ofgrkmRNA localisation was elusive 
at the onset of this thesis. Although microtubules were known to be required for its 
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localisation in the oocyte (Saunders and Cohen, 1999) no studies had been done to 
investigate the role of a microtubule motor in grk mRNA regulation. Since grk mRNA 
localisation coincides with the minus ends of microtubules, BicD and Egi throughout 
oogenesis, we hypothesised that grk mRNA localisation could be mediated by a minus 
end directed motor, and could also require BicD and Egl. Therefore the aim of this PhD 
was to investigate the mechanism by which this key mRNA for axis specification 
localises near the oocyte nucleus to target its action as a signalling protein to this site. 
The origin of grk mRNA, whether it is transcribed by the nurse cell the oocyte nucleus, 
or both, was unclear also at the onset of this thesis. Several models including oocyte 
nucleus accumulated trans-acting factors have been suggested to associate with grk 
mRNA and be required for grk mRNA localisation (see above The site of grk mR/s/A 
transcription). Therefore, understanding where grk mRNA is transcribed might have 
implications for the mechanism by which this mRNA localises. The aims of each of the 
chapters of this PhD thesis are summarised below. 
Aims OF THIS STUDY 
Chapter 3 and 4: Investigate the site of grk mRNA transcription 
Chapter 5: Tests the utility of molecular beacons, probes that fluoresce upon 
hybridisation, as a technique to visualise endogenous grk mRNA in living egg chambers 
and thus study its mechanism of localisation. 
Chapter 6 and 7: Examine the mechanism of grk mRNA nurse cell to oocyte transport 
and oocyte localisation, respectively, by using an in vivo injection assay similar to that 
developed in blastoderm embryos for pair rule transcripts (Wilkie and Davis, 2001). 
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MATERIALS AND METHODS 
MOLECULAR WORK 
Solutions and reagents 
All solutions used were prepared as described in Molecular Cloning-A Laboratory 
Manual (Sambrook et al., 1989). Chemicals used to prepare buffers and solutions were 
from SIGMA, BDH and Fisher, unless otherwise stated. Enzymes, such as restriction 
enzymes, Taq polymerase, T7, T3 and SP6 polymerases were obtained from Roche, 
New England Biolabs (NEB), Promega and Stratagene. Enzymes were used according 
to manufacturers instructions. 
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Phosphate buffers Saline (PBS) and Luria Betani mediums (LB) were prepared and 
autoclaved by the Swann building media kitchen. LB-agar plates were also prepared by 
the media kitchen. The composition of some solutions is given below; 
SOLUTION 	 COMPOSITION 
5OX TAE 	 242g Tris; 57.1ml Acetic Acid; 0.5M EDTA 
TE 1mM EDTA (ph8.0), 10mM Trs-HC1 (ph7.5) 
lox PBS 	 0.1M Sodium Phosphate (ph7.5), 13M Sodium 
Chloride 
Hybridisation solution 50% deionised formamide, 5x SSC, 50.tgIml 
heparin, 0.1% Tween 20 (vlv) (in nuclease 
free H20 ph 6.5 adjusted with conc. HC1 
LB medium 1 litre: lOg Difco Bacto Tryptone, 5g Difco 
Bacto Yeast Extract, 5g Sodium Chloride 
L-Agar 1 litre: 16g Difco Bacto Tryptone, lOg Difco 
Bacto Yeast Extract, 5g Sodium Chloride 
Colcemid 1m1:100.tg Colcemid; 10% DMSO in nuclease 
free, 	double 	distilled 	H20 	(w/v) 
Cytochalasin D - lml: 150 .ig Cytochalasin D in nuclease free, 
double distilled H20 
Growth of bacterial cultures 
To amplify plasmid DNA, Escherichia co/i strain XL1 Blue heat-shock competent cells 
were used. Competent cells were made using the CaC1 2 protocol described in Sambrook 
et al., 1989. 100!.tl of competent cells were thawed in ice, 1-bOng of plasmid DNA was 
added to the cells and left in ice for 20mins. Cells were then heatshocked at 42°C for 
1mm, and placed in ice. imi of LB was added to each aliquot and incubated at 37°C 
shaking for ihour. Cells were plated onto LB agar plates using the appropriate antibiotic 
for plasmid selection (Amp 50.tgIml). Plates were incubated overnight at 37°C. Single 
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colonies were picked and incubated in 5m1 of LB (for mini-preps) or 1 OOml of LB (for 
maxi-preps) at 37°C overnight. 
Purification of Plasmid DNA 
To purify plasmid DNA, Qiagen Kits were used. To purify -10ug of DNA QlAprep 
Spin Kit were used as instructed in the manual. 1.5m1 of overnight 5m1 LB culture was 
precipitated. After harvesting and resuspension, bacterial cells were lysed in 
NaOH/SDS in the presence of RNAse A. Protein and debris were cleared and DNA was 
adsorbed onto silica-gel membranes by centrifugation. Plasmid DNA was then washed 
by addition of 70% ethanol and finally eluted from the column by addition of TE buffer 
or water (approximately 50 .tl of 200ng4t1 plasmid DNA were obtained). When larger 
amounts of plasmid DNA were needed, QIAGEN Plasmid Maxi prep kit was used as 
instructed in the manual. 1 OOml of bacterial culture was used and approximately 100 d 
of 3-5.tg/.tl plasmid DNA were obtained. 
DNA and RNA precipitation 
DNA was precipitated after restriction digest (prior to its use for in vitro transcription of 
labelled RNA) and PCR as described in Sambrook et at., 1989. In summary, 1/10 
volume of Sodium Acetate (M) pH5.2 (for DNA) or 1/5 volume Ammonium Acetate 
(for RNA) was added plus 2.5x volume of 100% Ethanol, incubated at -20°C for 15mins 
and later centrifuged for 20mins at >15,000g. DNA/RNA was washed in 70% Ethanol 
and resuspended in dH 20. Alternatively DNA was cleaned after PCR using the 
QlAquick PCR purification kit. For all cloning steps, DNA fragments were gel purified 
using QlAquick Gel Extraction Kit as instructed in the manual. 
RNA extraction 
Total RNA was isolated from OrR and grk286 homozygous mutant females by Trizol 
(Gibco-BRL) extraction. 10 flies were dissected (20 ovaries) in PBS and placed at 4°C 
to prevent RNA degradation. Ovaries were homogenised in 300.tl of Trizol. 0.2 
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volume of choloroform was added, incubated at RT for 3mins and spun at 15,000g for 
15mins. Upper phase containing RNA was transferred to new eppendorf and 0.5 volume 
(of original Trizol vol) of isopropanol was added. RNA was incubated at -20°C for 2 
hours, centrifuged at 15,000g for 30mins to precipitate the RNA. RNA pellet was 
washed with 70% ethanol and finally resuspended in 20tl of DEPC treated water. 
PCR 
Standard conditions for a 50ii reaction were: 
SOng template DNA, 1XPCR buffer containing 15mM MgCl2 (Roche), 0.2mM 
Ultrapure dNTPs (Amersham), 1tM primer each (forward and reverse) 2.5 Units Taq 
polymerase (Roche) and double distilled sterile H20 to make up the final volume. 
The standard program used was 94°C hot start for 5 minutes following 35 cycles of 
melting at 94°C for 30 seconds, annealing at 50-60°C (exact temp depended on the 
melting temperature (T m) of the primers used ) for 30 seconds followed by elongation at 
72°C for 30 seconds. A final elongation step was carried out for 8 minutes. The exact 
primers used are listed in the Appendix. A Biometra thermal cycler was used for all 
PCR reactions and the lid temperature was set to 100°C 
RTPCR 
RT PCR was performed using RT enzyme from Roche. 2ug of extracted RNA were 
incubated in a total 38 ul reaction, containing 2ul DNaseI, 8u1 5x RT buffer, 2. 5mM 
dNTP mix (dATP,dCTP,dGTP, dTTP), 40u RNase inhibitor and 2u1 of SOng/ul random 
hexamer primers and 7 ul of water. To first digest DNA to prevent DNA contamination, 
the 38 ul reaction was incubated at 37°C for 30mins, and the enzyme inactivated by 
incubation at 75. To reverse transcribe the RNA, half of the reaction (19ul) was added 
to a tube containing lul RT enzyme and the other lul of water (as a negative control) 
and incubated at 42°C for 45 inins. To amplify the DNA, 2 ul from the RT reaction 
were taken and a PCR carried out in a total 25 ul volume, using the conditions described 
above for PCR. 
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DNA sequencing 
To sequence DNA, a Big Dye Sequencing kit from Perkin Elmer Applied Biosystems 
was used according to the manufacturers instructions. The method is based on the 
dideoxynucleotide DNA sequencing method and uses differently fluorochrome-coupled 
nucleotides, which can later be read out from the electrophoresis gel by an automatic 
sequencer (University of Edinburgh, Sequencing Service). Sequencing reactions were 
carried out in 10 ttl volumes, containing 4 .tl of the Big Dye mix and 1.6pmols of 
primer. The amounts of template DNA used were 50-100ng for PCR products and 200-
300ng for plasmid DNA. The cycle conditions were 25 cycles of melting at 96°C for 30 
seconds, following annealing for 30 seconds at 50°C and elongation for 4 minutes at 
60°C. The sequencing reactions were then analysed by the ICMB sequencing service, 
University of Edinburgh. All sequencing reactions were performed on both strands of 
DNA and from at least two independent PCR reactions, to minimise errors. 
DNA Sequence analysis 
To analyse the sequences provided by the University of Edinburgh Sequencing Services, 
the following softwares and websites were used. Gene Jockey (written by P.L.Taylor in 
Cambridge) was used to search for restriction sites for cloning of pCa4-grk-X44 and 
pCa4-grkgcnomjc-lacZ. NCBI Blast and Ensembl websites 
( .Iitt
,
p://www.ncbi.nim.nili.gov/BLAST , (http://www.ensernbl.ortiV) were used to blast 
and compare sequences side by side. 
Cloning 
12GEM-T-grkintron2 and pGEM-T-lacZ 
A grk intron 2 and lacZ constructs were produced by PCR amplifying the respective 
0.5kb and 3kb fragments from pG5-L-G3 (gift from T.Shupbach), using primers vv14 
and vvl5R (grk intron 2) and AMC1 I and AMC 12R (lacZ) (see Appendix B). PCR 
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fragments were cloned into pGEM-T Easy vector (Promega) as described in manual, 
creating pGEM-T-grkintron2 and pGEM-T-lacZ. Inserts and direction of inserts were 
checked by restriction digest and sequencing on both strands. pGEM-T-grkintron2 and 
pGEM-T-lacZ were used as templates to produce DIG labelled RNA probes for in situ 
hybridisation. 
pCa4-grk-X44 
To generate pCa4-grk-X44 a two step cloning was followed, including a PCR 
amplification of the grk promoter and subcloning into pBS containing the X44 repeats, 
lacking a poly adenylation signal (pBS-X44 made by I. Davis), and subsequent cloning 
of the grk-X44 fragment into transformation vector pCa4. A 0.6kb fragment containing 
the grk promoter and 5'UTR was PCR amplified from genomic construct pG5-L-G3 
(gift from T.Schupbach) using primers AMC9 and AMC7R (see Appendix B) 
containing restriction sites XhoI (AMC9) and EcoRT (AMC7R) at the 5' and 3' end of 
the grk 0.6kb fragment respectively. This grk fragment was gel purified and cloned into 
pGEM-T Easy (Promega) following manufacturers instructions. The grk fragment was 
directionally cloned from pGEM-T into pBS-X44 by digesting both constructs with 
XhoI and EcoRI. Both digested fragments were gel purified and subsequently ligated 
producing pBS-grk-X44. To transform bacterial cells, different strains of bacteria were 
tested as problems with recombination of the X44 repeats were faced. Thus, XL1-Blue 
and DH5-cx heat shock competent cells and Sure2 Supercompetent cells (Sure 2 Cells 
Supercompetent Cells —Stratagene- are engineered to allow the cloning of certain DNA 
fragments that are difficult to clone including repeated sequences) were used to 
transform pBS-X44. To reduce recombination of the X44 repeats upon amplification of 
bacteria, cells were grown at 30°C instead of 37'C. The lowest number of recombinant 
events were observed with DH5-a cells. To clone grk-X44 into a transformation vector, 
pBS-grk-X44 was directionally cloned into pCa4 vector by KpnI-BamHT digestion. 
This resulted in pCa4-grk-X44. Note that all growth of bacterial cells containing the 
X44 repeats was done at 30°C, otherwise the insert would recombine leading to changes 
in the number of X44 repeats. Direction of inserts were checked by restriction digest 
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and sequencing on both strands using vector specific primers (M13F and M13R, see 
Appendix B). This plasmid pCa4-grk-X44, was used to generate transgenic grk-X44 
flies. 
pCa4-grkgenom ic-lacZ 
To generate a transgene containing the grk gene lacking its own poly adeñylation 
(polyA) signal pG5-L-G3 (gift from T.Shupbach) was used. pG5-L-G3 includes the 
entire grk gene with the lacZ 3kb fragment inserted in intron 3 of grk gene. To delete 
the polyA signal of grk gene, the entire grk gene containing lacZ but excluding the 
polyA signal and downstream regions of grk 3'UTR, was PCR amplified from pG5-L-
G3 with primers AMC27 and AMC29R (see Appendix B) containing XbaI and KpnI 
sites for the 5' and 3' of the grk fragment. This 6kb fragment was then directionally 
cloned into pCa4 digested with XbaI and KpnI enzymes. The resulting pCa4-grk genom jc-
lacZ was sequenced using different primers to check for the presence of grk genomic 
regions, lacZ and absence of its polyA signal (AMC27, AMC5, AMC6R, AMC1 1 and 
AMC13). XL1-Blue competent cells were used for transformation as described in 
Growth of Bacterial Cells section. pCa4-grk genomic-lacZ was used to generate grkgenomjc-
lacZ transgenic flies. 
RNA in vitro transcription and labelling 
Alexa-546, Alexa-488, Dig and Biotin labelled RNAs were in vitro transcribed using 
Molecular Probes (Alexa) and Roche (Dig and Biotin) labelling kits. RNAs were 
synthesised from cDNAs, including gurken (gift from T.Shupbach), bicoid (gift from 
D.Ish-Horowicz), oskar (gift from A.Ephrussi), DP (gift from N.Dyson), kruppel (gift 
from S.Bullock) and hunchback (gift from B.Edgar). Most cDNAs have been cloned 
into pBS or pGEM containing T3, 17 or SP6 promoters. A grk intron probe was 
transcribed from pGEM-T-grkintron2 and lacZ from pGEM-T-lacZ (cloned as described 
above). XI probes were generated from pBS-X1 (I. Davis). Note that the X44 probe 
mentioned in Chapter 4 refers to an XI RNA probe. An X44 probe was synthesised 
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from pBS-X44 (I. Davis) but RNA in situs did not work. The reasons for this are 
unknown. 
Synthesis of fluorescently labelled RNAs 
Sense fluorescently labelled and capped RNAs were in vitro transcribed for injection 
into living egg chambers. 1-2.tg of DNA were used as template containing a T7, T3, or 
5P6 promoter from the corresponding plasmids. RNAs were transcribed in 50.tl 
volumes including 1-2.tg linearised DNA, 0.4mM ATP, 0.4mM CTP, 0.36mM UTP and 
0.04 mM AlexaFluor 546-UTP or AlexaFluor488-UTP, 0.12mM GTP, 0.3mM 
7mG('5)ppp(5') CAP analogue and 40Units of RNAse inhibitor (Promega) and either 
T3, T7, SP6 polymerases (20U/!.tl) (Roche and Prornega) with the corresponding 
transcription buffers. The transcription reaction was incubated at 37°C for 2 hours, after 
which the DNA template was digested with DNaseI (.2 Units) for 15 mins at 37°C. 
Unincorporated nucleotides were removed by using a Sephadex G50 RNA spin column 
(Roche) according to manufacturers instruction. Cleaned RNA was precipitated by 
adding 1/5 volume of Ammonium Acetate pH5.2 and 2.5x volume of 100% ethanol, 
incubated at -20°C for 30mins and spun at 4°C for 30mins. The RNA precipitate was 
washed with 70% cold ethanol (in DEPC treated water). RNA was resuspended in 5- 
10[d of DEPC treated water depending on the size of the pellet. Final concentration of 
RNA was 250-500ng/.tl. 
Synthesis of Biotin labelled RNAs 
Biotin RNA probes were synthesised for injection into living egg chambers and 
subsequent fixation and visualisation by incubation with Strepavidin Alexa 546 or Alexa 
568. Sense Biotin labelled RNAs were in vitro transcribed using a similar protocol to 
that described for Alexa-UTP labelling, with the following modifications: Instead of the 
Alexa-UTP nucleotides 0.5x of Biotin labelling mix (containing all four GTP, ATP, CTP 
and Biotin-UTP) and 0.6mM 7mG('5)ppp(5') CAP analogue was added. All subsequent 
steps are identical to the protocol described above for RNA Alexa labelling. 
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Synthesis of Dig labelled RNAs 
Sense and anti-sense RNA probes were synthesised for RNA in situ hybridisation. Dig 
labelled RNA was in vitro transcribed from 1-2.tg of linearised DNA in a 20.tl reaction 
volume. Dig labelling mix (lOx) contains 10mM ATP, 10mM CTP, 10mM GTP, 
6.5mM UTP, 3.5mM DIG-i 1-UTP, pH7.5. 20il reaction contained lx (2u1) of Dig 
labelling mix, 1-2kg of linearised DNA, transcription buffer, T3, 16 or SP6 polymerase 
(20U/ii). The reaction was incubated at 37°C for 2 hours. All subsequent steps are 
identical to previous RNA labelling protocols. For in situ hybridisation RNA probes 
were diluted in hybridisation buffer at 1/100-1/500 depending on the efficiency of the 
transcription reaction to achieve a final concentration of approximately 0.5ng/ii. 
DRosoPHILA PROTOCOLS 
Drosophila flystocks 
All flystrains were raised on standard yeasted cornmeal-agar medium at 25°C (ilitre: 
25g cornflour, 50g sugar, 17.5g yeast, lOg agar, boiled, cooled to 40°C and poured into 
bottles or vials to set). For injections of living egg chambers, 2-3 day old well-fed 
female flies were used. For a comprehensive list of all flystocks used, see Appendix of 
this thesis. 
Crosses 
1) Generating Actin-GFP flies (Chapter 6) 
w,p[UASp GFP-Actin] 127.18.4 X w,pCOG Ga14VPJ6, NGT4O, nos Ga14VP]6 
All female progeny tested expressed Actin-GFP in the germline. However egg 
chambers are quite fragile and in some instances the oocyte nucleus did not appear to be 
anchored correctly at the dorso-anterior corner (stages 8-9). Other drivers were tested 
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with similar results. We therefore stopped using this transgenic line after noticing the 
slightly abnormal phenotype in oocyte nucleus anchoring. 
Examining grk mRNA localisation in dhc hypomorphic mutants (Chapter 6). The 
trans-heterozygote allelic combination Dhc64C6-61Dhc64C2 is viable but female 
sterile. 
Dhc64G 61TM6B, Th, Hu X Dhc64G6l21TM3, Ser 
Dhc64C 61Dhc64C 12 females lay eggs with no D-V polarity defects. The egg 
chambers however are fragile. 	 - 
Crossing Nod-LacZ into the sqd' mutant background (Chapter 7) Nod-LacZ was 
recombined with Df(3R)urd. 
(/ yw , Nod-LacZ/TM3, Sb X (m) HN56/CyO , Df(3R)urd1TM3, Ser 
(/) yw/+ , Nod-LacZ1Df(3R)urd X (m) yw , sqd'/TM3, Sb 
Dissect females yw , Nod-LacZ-Df(3R)urd 1sqd' 
Generation of transgenic lines 
To increase the size of the grk gene, two transgenic lines were produced, grk-X44 and 
grkgenomjc -lacZ. 300 ng4tl of pCa4-grk-X44 plasmid was co-injected with 100 ng4tl of 
helper plasmid, (transposase 2-3) into young w 1118 embryos. w 1118 flies were kept in a 
cage on a grapejuice-plate, and 20mins embryo collections were made. Embryos were 
washed into a sieve, dechorionated for 2min in household bleach and then washed 
extensively with water and subsequently aligned with Tungsten tweezers. The embryo-
lines were picked up with a 22x22mm coverslip coated with embryo-glue made from 
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double sided Scotch-tape dissolved in Heptane. Embryos were desiccated in a container 
with Silicagel for exactly 10mm. Following this incubation the embryos were 
immediately overlayed with series 700 halocarbon oil (KMZ Chemicals Ltd). The 
plasmid was injected using Eppendorf femtotip needles. To allow recovery the embryos 
were left in a moist chamber at 18°C until hatching, after approximately two days. 50 
larvae were collected and put into individual vials with flyfood and a layer of easy 
digestible instant fly food to supply optimal conditions. Resulting flies were then 
individually crossed to w 1118 female or male flies and transformants were screened by 
eye colour. 10 independent transgenic lines were generated and assayed by in situ 
hybridisation as heterozygotes using X44 anti-sense probe (Chapter 4). 
To generate grkgenomic-lacZ transgenic lines, 10g of pCa4-grk genomic-lacZ plasmid was 
sent to Genetic Services Inc. Genetic Services Inc generated 10 independent transgenic 
lines and 7/10 were tested by in situ hybridisation as hetçrozygotes using lacZ anti-sense 
probe (Chapter 4). 
Preparation of ovaries prior to injection 
Ovaries of 2-3 day old females were dissected into oxygen-rich halocarbon oil with 
medium viscosity (Series 95, KMZ chemicals Ltd), which allowed culturing of egg 
chambers for up to two hours. Dissection was performed on coverslips, Thickness No.1 
(BDH) in halocarbon oil. Egg chambers were dissected out and appropriate stages 
aligned to allow injection of multiple egg chambers during the experiment. 
Microinjection of oocytes and nurse cells 
Injections into living, cultured oocytes and nurse cells were performed, using 
Eppendorff femtotip needles. grk, bcd, lacZ, hb, dp, kr, klO fluorescently labelled or 
Biotin labelled RNAs were injected at concentrations of 200-500ng/ml. Molecular 
beacons (grk and Xl) were injected at 100ng4tl in DEPC treated water. Colcemid and 
Cytochalasin D inhibitors were coinjected with RNA at a final concentration of 
lOO.tg/ml for Colcemid and 150.tg/ml for CytochalasinD. For inhibitory studies of 
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RNA localisation the following antibodies were injected: Rabbit polyclonal anti-Egi 
(gift from R.Lehman), and monoclonal antibodies anti-Dhc (SIGMA), anti-Dic (clone 
74. 1, Chemicon) and anti-HA, (clone 12CA5, gift from Yiota Kafaisla and Joe Lewis). 
Preparation and microinjection of Drosophila embryos 
Fly cages were set up and embryos from 2 hour collections were used for microinjection 
(blastoderm stage). Embryos were collected from fruit juice-agar plates, placed in a 
sieve, and dechorionated for 2-5 minutes at room temperature, using 50% household 
bleach. Embryos were subsequently washed with plenty of H20 and transferred to a 
piece of agar placed over a coverslip. Using tweezers, embryos were aligned to allow 
rapid injection. Glue, (made using sticky tape dissolved in heptane) was spread onto a 
thickness 1 coverslip which was used to lift the aligned embryos from the agar and stick 
them to the surface of the coverslip. Embryos were then dehydrated (to prevent spillage 
of cytoplasm upon injection) in silica gel for 10 mins at room temperature and 
subsequently covered with halocarbon oil series 700 (KMZ Chemicals Ltd). Embryos 
were injected with eppendorff femtotip needles. 
Dissection and fixation of Drosophila ovaries for staining procedures 
Fly ovaries of 2-3 day old females were dissected in PBS and subsequently transferred 
to 3.7% (w/v) formaldehyde/PBS for 20mins. After fixation, ovaries were washed 
3x5mins in PBS/0. 1% (v/v) Tween. Prior to in situ hybridisation, ovaries were stored 
for at least two hours in 100% Methanol at —20°C. Visualisation of DNA was 
performed through staining of ovaries with 4", 6-diamidio-2-phenolyndole (DAPI) for 2 
minutes, following two washes with PBT. Ovaries were mounted in Vectashield 
medium containing anti-photobleaching reagents. 
HIS/A in situ hybridisation of Drosophila ovaries 
In situ hybridisation was performed as previously described by Tautz and Pfeifle (1989) 
and (Wilkie et al., 1999) by fluorescent tyramide detection (NEN LifeSciences) with the 
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following modifications: Ovaries were rehydrated through a series of methanolfPBT 
(1:1) into PBT for at least five minutes each. Ovaries were then postfixed for 8 minutes 
in 3.7% formaldehydefPBT and washed 5 x 5 minutes in PBT to remove all traces of fix. 
Ovaries were then washed in hybridisation mix/PBT (1:1) for ten minutes and 
transferred into hybridisation mix for another ten minutes. Prehybridisation was carried 
in hybridisation buffer (}{YB) with added tRNA and Heparin at 70°C for at least one 
hour. Hybridisation was carried out overnight at 70°C. Two washes were performed in 
hybridisation solution for 20mins and one in PBT/hybridisation solution, also for 
20mins. Ovaries were then transferred back to room temperature where they were 
washed four times in PBT for 20mins. Dig labelled probes were detected by incubation 
with anti-DIG antibody conjugated to horse radish peroxidase (sheep anti-DIG-POD Fab 
fragment, Roche) for 2 hours at room temperature (1:1000 in PBT). Egg chambers were 
washed 3x20mins and the HRP coupled antibody was visualised incubation of tyramide-
Cyanine-3 (Cy3) 1:50 in amplification buffer (TSA Direct, NEN Life Sciences, UK). 
The reaction was allowed to proceed for 5 minutes before washing with PBT to remove 
unreacted tyramides. Following two more washes, egg chambers were stained with 
DAPI (to visualise DNA) and mounted with Vectashield as previously described. 
To improve the sensitivity of in situ hybridisation (Chapter 3) Dig labelled RNA probes 
(grk anti-sense and sense) were hydrolysed in carbonate buffer (Na2CO3INaHCO3 
buffer pHl0.2) for 15mins at 60°C as described in (Cox et al., 1984). Using this 
method, the 1.7 nt grk probe was fragmented to 300-600 nt as assayed by gel 
elecrophoresis. To increase the signal to noise ratio, egg chambers were incubated in 
RNAseA (100.tg/ml at 37°C for ihour) after the hybridisation step. RNaseA was 
removed and washed several times in PBT before proceeding with the protocol by 
addition of anti-DigPOD antibody. All subsequent steps were identical to those 
previously described. 
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RNA in situ Izybridisation in Drosophila embryos 
Embryos were collected from fly cages, dechorionated (as described above). Embryos 
were fixed rapidly in a two phase mixture of 37%. formaldehyde and heptane as 
described previously (Wilkie and Davis, 1998; Wilkie et al., 1999). Fixed embryos were 
devitellinised in methanol and stored in methanol at -20°C. In situ hybridisation to 
detect mRNA with fluorescent tyramides (NEN LifeSciences) was performed as 
described previously (Wilkie and Davis, 1998; Wilkie et al., 1999). Briefly, embryos 
were rehydrated then post-fixed and rinsed five times in lx PBT (lx PBS + 0.1% 
Tween20) and prehybridized for at least one hour at 70°C in mRNA hybridisation buffer 
(HYB). DIG labelled antisense and sense RNA probes were hybridised to embryos 
overnight at 70°C. Hybridised embryos were extensively washed at 70°C in mRNA 
HYB buffer and PBT. Dig ,labelled probes were detected as previously described for 
fluorescent in situ hybridisation of egg chamabers (anti-Dig-POD incubation and 
subsequent addition of tyramide-Cy3 solution). Embryos were stained with DA-PI as 
previously described for egg chambers and finally mounted in Vectashield. 
Immunofluorescence on Drosophila ovaries 
Drosophila ovaries were dissected and fixed as described above. Three washes were 
performed in PBS/TritonXlOO (PBTrx) for five minutes each. Ovaries were then 
blocked in 10% NGS in PBTrx for two hours minimum. Incubation with the primary 
antibody was carried out overnight at 4°C. Antibodies used include rabbit polyclonal 
anti-gal (1:10000), mouse anti-BicD (clone 4C2, diluted 1:20, gift from B.Suter), rabbit 
polyclonal anti-Egi (diluted 1:4000, gift from R. Lehman). 
After three subsequent 20mins washes, ovaries were incubated with a secondary 
antibody coupled to Alexa 546 or Alexa 568 fluorochromes (Molecular probes). 
Incubation with the secondary antibody was carried out at room temperature for two 
hours. Ovaries were mounted in Vectashield medium, containing anti-photobleaching 
reagents, and stained for DNA as described above. 
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Stain ings of injected egg chambers 
For recruitment experiments egg chambers were dissected and prepared for 
microinjection as described above. Biotin labelled grk, bcd and lacZ RNAs were 
injected in the nurse cells, subsequently fixed and stained for BicD and Egi protein. 
After 20 mins of injection, a drop (-500ul) of 3.7% (w/v) formaldehyde/PBS was placed 
over the halocarbon oil where the egg chambers were dissected leading to the 
displacement of the halocarbon oil and fixation of the egg chambers. Egg chambers 
were fixed for 20mins, carefully removing any remaining Halocarbon oil drops with 
tungsten needles by the side of the egg chambers. Egg chambers were transferred from 
the coverslip into a watchglass with a glass Pasteur pippete. Antibody staining of egg 
chambers was then carried out as previously described with the following modification: 
To ensure that the few egg chambers (-45) were not sucked out by mistake, the entire 
procedure of protein and injected RNA detection was done in the watchglass. Thus 
solutions were added and removed by carefully monitoring the egg chambers under a 
dissection microscope. To visualise Egl and BicD secondary antibodies, anti-rabbit and 
anti-mouse conjugated to Alexa488 and A1exa568 (Molecular Probes) were used. 
Secondary antibodies (1:500) were added together with Streptavidin conjugated to 
Alexa568 or A1exa488 (1.25:500) and incubated for 2 hr at room temperature. Egg 
chambers were then washed in PBT and finally stained with DAPI and mounted in 
Vectashield as previously described. 
MICROSCOPY 
4-D Imaging and deconvolution 
Fixed egg chambers were mounted in Vectashield (Vector Laboratories). Imaging was 
performed on a widefield DeltaVision microscope (Applied Precision) based closely on 
an original design by John Sedat and David Agard. The microscope consists of an 
Olympus 1X70 inverted microscope with a 12 bit cooled CCD camera (Photometrics). 
To minimize spherical aberration, immersion oil with an optical index of 1.534 was used 
with nol thickness coverslips and 100X objective with a numerical aperture of 1.35. To 
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scan through the entire egg chambers, z-sections and out-of-focus light was re-assigned 
to its point of origin using iterative deconvolution as previously described (Davis, 2000). 
Up to 5 egg chambers were filmed in parallel, by repeat visiting using a very accurate 
XYZ motorized stage. 
RNA particle tracking 
RNA particles were tracked using a 100XINA1.35 objective lens and time-lapse 
intervals of 1 sec. Moving particles were tracked using DeltaVision (Applied Precision) 
and Metamorph (Universal Imaging Corporation) image analysis software. Speeds of all 
particles tracked were calculated in microns per second according to the distance 
travelled each interval. (Figure 6-1) A vector was taken between the first and last points 
of each tracked particle to calculate overall directionality. The directions traveled were 
then calculated with reference to the anteroposterior and dorsoventral axes as visible in 
brightfield images or nls GFP fluorescence of the injected egg chamber. Directions and 
speeds of all particles tracked were calculated using Microsoft Excel and plotted onto 
circles to represent the direction of travel. Anterior moving particles were tracked 
immediately after injection (30-60 secs). The dorso-anterior phase of the movement 
towards the nucleus was more difficult to observe as the particles were spread over a 
wide range of planes of focus after moving from the site of injection to the anterior to 
the oocyte. Two approaches were used to identify the dorsoanterior phase of movement. 
Particles were either injected anteriorly and imaged directly, or injected in the centre of 
the oocyte and imaged after approximately 20 mins at the anterior. 
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INVESTIGATING THE SITE OF GRK mRNA 
TRANSCRIPTION BY IMPROVING THE 
SENSITIVITY OF FISH 
INTRODUCTION 
From the site of transcription in the nucleus to the final cytoplasmic localisation, 
mRNAs are associated with a number of RNA-binding proteins (Dreyfuss et al., 2002). 
Recently various studies have revealed a link between nuclear processing and mRNA 
localisation (Hachet and Ephrussi, 2001; Kelley, 1993; Le Hir et al., 2001; Long et al., 
2001; Mohr et al., 2001; Munro et al., 1999; Norvell et al., 1999). Therefore, to gain 
insight into the dynamics of trans-acting factors required for mRNA localisation it is 
important to understand its site of origin. grk mRNA. localisation is crucial for axis 
specification in Drosophila (Gonzalez-Reyes et al., 1995; Neuman- Si lb erberg and 
SchUpbach, 1993). SqdS, one of the three different isoforms encoded by the sqd gene, 
has been demonstrated to be necessary for grk mRNA localisation and translation 
regulation (Norvell et al., 1999). Interestingly, SqdS accumulation in the ooycte nucleus 
has been shown to play a role in grk mRNA localisation (Norvell et al., 1999). This has 
led to a model in which grk mRNA is 'marked' in the oocyte nucleus by its direct 
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association with SqdS and K1O proteins that determine its site of localisation, the dorsal 
cap (Norvell et al., 1999). At present however, it is unclear where grk mRNA is 
produced (see Introduction). Although there is indirect evidence to suggest grk mRNA 
is transcribed by the oocyte nucleus (Saunders and Cohen, 1999), early studies indicate 
that the oocyte nucleus is transcriptionally inactive (King and Burnett, 1959). To clarify 
this issue and thus gain insight into the mechanism by which different trans-acting 
factors associate in time and space with grk mRNA making it competent for localisation, 
two approaches were taken to elucidate the site of grk mRNA transcription (Chapter 3 
and 4). This Chapter explores ways to improve the sensitivity of fluorescent in situ 
hybridisation as a means of revealing previously undetected signals in either nurse cell 
nucleus or oocyte nucleus. At present the only detectable signal observed by in situ 
hybridisation is the cytoplasmic localised grk mRNA in the oocyte from stages 1-lOB of 
oogenesis (Figure 3-1A). This is in contrast to other lócalised transcripts, such as bcd 
and osk, that, in addition to the localised signal in the oocyte, a nurse cell cytoplasm 
specific signal can also be detected (Figure 3-1B, C) (St Johnston et al., 1989) (Ephrussi 
et al., 1991; Kim-Ha et al., 1991). The latter suggests that bcd and osk mRNA are 
produced by the nurse cell and transported into the oocyte where they localise to 
opposite poles. Therefore the aim of the following experiments was to test whether a 
cytoplasmic nurse cell specific signal, as detected by bcd and osk mRNA, and/or grk 
mRNA nascent transcripts, in either nurse cell or oocyte nucleus, could be detected by 
more sensitive high resolutuion in situ hybridisation techniques. 
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Figure 3-1 grk, bcd and osk mRNA expression patterns 
Fluorescent in situ hybridisation (FISH) performed in OrR egg chambers. Stage bA egg chambers 
showing localised mRNAs in the ooycte. (A, A') grk mRNA at the dorso-anterior corner. (B, B') bcd 
mRNA in an anterior ring and (C. C') osk mRNA at the posterior. Note the presence of bcd and osk 
mRNAs in the nurse cell compartments. 
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RESULTS 
Distinguishing signaifrom noise 
Previous observations (Nina MacDougall, personal communication) of tyramide signal 
amplification (TSA, see Materials and Methods) grk mRNA in situs had suggested that 
in addition to the cytoplasmic localised gric mRNA signal near the oocyte nucleus, a low 
level of signal could be detected homogenously in the nurse cell and oocyte cytoplasm. 
In order to test whether this signal was specific to grk mRNA or background inherent to 
the TSA FISH technique, a grk RNA and protein null mutant was used. grk 286  is the 
strongest grk mutant allele known. It has a 442 bp deletion that removes part of the 
promoter and the transcriptional start site (Figure 3-2A) (Thio et al., 2000). 
Simultaneous in situs were carried out in OrR and grk 2B6  egg chambers using grk anti-
sense probes. As previously reported no grk mRNA could be detected in grk 2B6  egg 
chambers (Figure 3-2B and Q. However, at higher magnification (lOOx) faint dots in 
the nurse cell cytoplasm could be detected in both genotypes (Figure 3-2D and E). The 
distribution of the dotted signal was homogenous thus suggestive of a background 
signal. To test this, a representative egg chamber from-both genotypes was examined at 
-lOOx and the ratio of signal (faint dots) to noise was measured in equivalent areas of the 
nurse cell cytoplasm using the SoftWoRx software. Noise was determined by measuring 
areas outside the egg chamber devoid of any cells. The resulting ratio of signal to noise 
was indistinguishable between both genotypes (OrR=1 :2; grk2B6=1  .3). Therefore, we 
conclude that the faint dots distributed homogenously throughout the nurse cell and 
follicle cell cytoplasm, represent a background signal of the TSA FISH and are thus not 






Figure 3-2 	 Distinguishing signal from noise 
KO 
Figure 3-2 Distinguishing .ignaI jrom noise 
(A) Schematic of grk gene showing four exons in boxes (red=ORF, white=5'UTR and 3'UTR) 
interspersed by three introns. grk2B6 denotes 442 bp deletion in the grk promoter. (B-E) TSA FISH 
performed in OrR and (B. D) grk2B6 mutant (C, E) egg chambers with grk anti-sense probe. (B-C) 
20x showing dorsally localised grk rnRNA (B, B') and absence of grk mRNA in grk2B6 mutant (C, 
C)'. Arrow in (C) indicates the mispositioned oocyte nucleus at the posterior of the oocyte (D-E) 
lOOx of equivalent egg chambers showing nurse cell cytoplasm and follicle cells. Faint dots (D'. E') 
are observed homogeneously dispersed throughout the nurse cell and follicle cells in both genotypes. 
The entire 1.7kb cDNA was used as a probe for grk RNA detection. (B-E) Cyan is DNA. 
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Improving FISH sensitivity 
The sensitivity of in situ hybridisation is dependent on the quantity of template RNA and 
design of the probe. To improve the sensitivity of FISH, and possibly reveal a 
previously undetected signal either in the nurse cells or oocyte, the following parameters 
were modified. In order to facilitate probe penetration the 1.7 kb RNA probe against grk 
cDNA (sense and anti-sense) was hydrolysed into fragments of 300-600 nucleotides 
(See Materials and Methods). Secondly, to increase signal to noise ratio, RNAseA 
treatment after probe hybridisation was carried out (See Materials and Methods). This 
was to ensure that un-bound probe was eliminated. Neither of these treatments alone, or 
in combination appeared to improve the sensitivity of the technique resulting in 
indistinguishable (fragmented probe) or reduced (RNAse treatment) grk mRNA signals 
(Figure 3-3A-C). Surprisingly, grk RNA sense probe showed a low but distinguishable 
signal in the nurse cell nuclei only (Figure 3-31)). The identity of this RNA is unknown 
and probably represents an artefact of the technique. 
Using an intron probe to detect grk nascent transcripts 
An unequivocal approach to distinguish nascent transcripts is to use intron probes to 
detect pre-mRNAs in the nuclei as they are transcribed. This technique has helped 
elucidate the intranuclear site of transcription of several mRNAs in the Drosophila 
blastoderm embryo (Wilkie et al., 1999). In order to test whether grk nascent transcripts 
could be detected an intron probe was made. The largest intron of the grk gene, intron 2, 
spanning -'500 bp, was used (Figure 34A). Intron 2, was PCR amplified from the grk 
genomic construct pG5-L-G3 (Thio et al., 2000), cloned into pGEM-T, and subsequently 
linearised and in vitro transcribed as for all other probes (see Materials and Methods). 
FISH performed with grk intron 2 probe showed no signal in either nurse cell or oocyte 
nuclei (Figure 34B and Q. This negative result therefore suggests that the level of 
endogenous grk mRNA transcription is not high enough to be detected by the methods 
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Figure 3-3 Different FISH conditions 
(A-E) FISH TSA done in OrR egg chambers. Each panel shows different conditions used to improve 
the sensitivity of the technique. (A. A') Normal conditions using grk anti-sense probe. (B, B') Use of 
fragmented grk anti-sense probe does not alter the sensitivity. (C, C') RNAse treatment after probe 
hybridisation reduces the localised grk mRNA signal, rather than decreasing the background. (D, D') 
Use of grk sense probe as a control of background signal. The localised grk mRNA signal in the 
oocyte is absent (compare A'-C' with D'), however a signal in the nurse cell nuclei appears. The 
identity of this template is unknown. (E, E') Negative control lacking anti-DIG antibody. This 
condition gives the lowest levels of background, similar to treatment in which no RNA template is 
present (early RNAse treatment, data not shown). 
54 
10 H00,I)o 
Figure 3-4 	A grk intron probe does not detect grk nascent 
transcripts 
Figure 3-4 A grk intron probe does not detect grk nascent transcripts 
(A) Schematic of grk gene showing four exons in boxes (red=ORF, white=5'UTR and 3'UTR) 
interspersed by three introns. Red arrows represent the primer set used to amplify intron 2 as a probe 
for TSA FISH. (B, B') TSA FISH using grk anti-sense probed against full length grk cDNA. 
Schematic on the left represents region of egg chamber shown in B-13' as red dotted box. (C, C') 
TSA FISH using a grk anti-sense intron probe (denoted in A by red arrows). Schematic on the left 
represents region shown in (C, C') as red dotted box. Note the cytoplasmic signal of localised grk 
mRNA using full length cDNA probe (B, B') and the absence of nuclear specific signal, either nurse 
cell or oocyte, by using an intron probe (C, C'). The homogenous faint dots probably represent 
background signal. Cyan is DNA, red and white represent grk RNA in (B, B') and probably 
backround signal in (C, C'). 
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CONCLUSIONS AND DISCUSSION 
The sensitivity of FISH can by affected by many factors including pH, temperature, 
probe design and quantity of template RNA. So far, it has been impossible to detect 
nascent transcripts for grk mRNA. The attempt to improve the in situ sensitivity by 
probe hydrolysis and RNAaseA treatment were not fruitful since they resulted in the 
same, or reduced signal compared to untreated controls. The reasons for this might be 
due to the low level of grk mRNA expression that is below the level of detection by any 
of the conditions used so far. 
We know that our inability to detect nascent transcripts is not due to a nuclear probe 
penetration problem. Experiments in the lab have demonstrated that other mRNAs can 
be detected in the nurse cell or oocyte nuclei by routine FISH. This is the case for 
Hephaestus (personal communication Hille Tekotte), that show a signal in the nurse cell 
nuclei, and the I-factor, a retrotransposon mRNA, observed within the oocyte nucleus 
(Van De Bor et al., 2005). Therefore we conclude that probe penetration, in itself, is not 
the limiting factor in grk mRNA in situs, although it is not ideal to compare different 
genes as the expression levels and probe properties vary amongst them. Using an intron 
probe to detect nascent transcripts is also dependent on the target mRNA quantity and 
stability. Although intron probes have successfully been used to detect nascent 
transcripts in the Drosophila blastoderm embryo (Wilkie et al., 1999), grk nascent 
transcripts could not be detected using a grk intron probe. This is probably due to the 
different levels of expression between pair rule transcripts in embryogenesis and grk 
mRNA in oogenesis. As intron-containing mRNAs are short lived and rapidly spliced 




INVESTIGATING THE SITE OF GRK mRNA 
TRANSCRIPTION BY CREATING LARGE 
NASCENT TRANSCRIPTS 
INTRODUCTION 
Since no grk nascent transcripts could be detected by using a grk intron probe in wt egg 
chambers, we decided to artificially increase the size of the grk gene and to amplifly grk 
nascent transcript signal. The rationale behind this approach is as follows, the longer a 
gene is, the higher the number of RNApo1II molecules engaged in its transcription, and 
thus the higher the number of mRNA molecules decorating the DNA that can serve as 
templates for in situ hybridisation (Figure 44A). In other words, the larger a gene is, 
the higher the chances of detecting nascent transcripts. This idea was adopted from 
equivalent experiments carried out in Drosophila blastoderm embryos. 
The concept of increasing the size of a gene to amplify the signal of nascent transcripts 
arose serendipitously from a study designed to investigate the cis-acting sequences 
required for engrailed (en) expression (Ilan Davis personal communication) (Hama et 
al., 1990). Hama et al, generated a number of constructs containing fragments of the en 
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promoter fused to the lacZ gene as a reporter (Hama et al., 1990). Several transgenic 
lines containing different portions of the en promoter were established. One transgenic 
line En-Xho25-lacZ (from here onward referred to as En-lacZ) showed a pattern of 
expression similar to the endogenous en gene. In addition in situ hybridisation in En-
lacZ expressing embryos showed an increase in the intensity of en-lacZ nascent 
transcripts compared to endogenous en nascent transcript signal. Upon closer 
examination of the construct used for transformation, it was revealed that no 
polyadenylation (polyA) signal required for transcription termination, was present 
downstream of the lacZ gene (Ilan Davis personal communication). Therefore it was 
suggested that the amplification in nascent transcript signal in en-lacZ embryos was due 
to the lack of a polyA signal in the construct used. The degree of nascent transcript 
signal amplification would depend on the proximal polyA signal relative to the site of 
the transgene insertion into the genome. In other words, the longer the distance between 
the transcription initiation site and next polyA signal in the genome, the longer the gene 
and the higher the chances of obtaining large nascent transcripts (Figure 4-1A). 
Based on these findings (Hama et al., 1990), Wilkie and colleagues who were 
investigating the spatial distribution of transcribed genes within nuclei of the blastoderm 
embryos asked the question whether an increase in gene size would affect the 
intranuclear site of transcription (Wilkie 'Ct al., 1999). To increase the size of the 
hunchback (Jib) gene, the hb promoter was cloned upstream of 44 rhodamine binding 
sequences (X44) lacking a polyA signal and several transgenic lines were produced 
(Wilkie et al., 1999). A number of hb-X44 transgenic lines showed an increase in 
nascent transcript signal of X44 expression, compared to that of the endogenous hb 
gene. However no disruption in the intranuclear distribution of transcribed hb-X44 gene 
was observed compared to endogenous hb expression (Wilkie et al., 1999). 
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Figure 4-1 Creating artificially large nascent transcripts 
(Ai) A gene has a given number of RNA polymerase H molecules engaged in transcription. 
(Au) In the absence of a polyadenylation (polyA) signal (red cross), RNA polymerase 
II continues to transcribe until the next polyA signal. This results in a larger number of 
transcripts decorating the DNA. Green rectangles denotes the reporter sequence, red circles 
denotes RNA polymerase 11 molecules. (B) Flow diagram of the experiment. Red cross 
represents the absence of a polyaA sequence in the construct used for P-element mediated 
transformation. FISH is carried out in transgenic lines expressing the reporter sequence 
(green dots). 
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We have adopted the approach utilised by Hama et a! and Wilkie et alto determine the 
site of grk mRNA transcription in oogenesis. Thus, we generated a construct with the 
grk promoter driving the expression of an exogenous sequence that lacks a polyA signal. 
Transgenic flies were generated, and the expression of grk was assayed by carrying out 
in situ hybridisation against the reporter sequence (Figure 4-1B). To avoid ectopic 
expression of the transgene it was vital to include all known grk cis-acting sequences 
necessary for its expression. The aim of the experiment was to determine the site of gTk 
mRNA transcription by the appearance of a nascent transcript signal in either nurse cell 
and or oocyte nucleus, previously undetected by in situ hybridisation in wt egg 
chambers. 
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RESULTS 
Producing large nascent transcripts signal with pCa4-grk-X44 
In order to monitor the site grk mRNA transcription, we created artificially large nascent 
transcript foci from a transgene, pCa4-grk-X44. The construct containing the grk 
promoter, as determined by the presence of the TATA box (Thio et al., 2000) was 
cloned upstream of 44 rhodamine binding sequences (X44) in a two step cloning 
strategy (see Materials and Methods for details). In summary, pCa4-grk-X44 (Figure 4-
2A) was injected into Drosophila embryos and 10 independent transgenic lines were 
obtained (see Materials and Methods). Figure 4-213 shows a summary of the results, as 
determined by FISH using X44 anti-sense probe. Initially we were encouraged to 
observe a signal in the nurse cell nuclei in some of the transgenic lines (Figure 4-213 and 
4-3A), suggesting grk nascent transcripts. Interestingly, Line 36 also showed a dot in 
the oocyte nucleus implying that grk mRNA is transcribed by both the nurse cells and 
oocyte nucleus. The number of dots per nurse cell nucleus varied significantly within 
egg chambers of the same transgenic line (from 3 to 30). Moreover, apart from lines 36, 
75 and 86, all the other transgenic lines showed variable pattern of expression. To test 
that the nuclear dots were specific to grk-X44 expressing lines, OrR egg chambers were 
hybridised with X44 anti-sense probe. As expected, no nuclear dots were observed in 
these egg chambers (data not shown). After a closer inspection at grk-X44 transgenic 
lines, however, we noticed that the majority also showed a signal in the follicle cell 
nuclei (Figure 4-3A-C). There was no transgenic line exhibiting an exclusive nurse cell 
nuclear signal. This finding would indicate that grk mRNA is transcribed by the somatic 
follicle cells as well as the germ-line nuclei. The presence of a follicle cell signal in the 
majority of transgenic lines is unexpected given that grk function is required in the 
germline of Drosophila oocytes (Gonzalez-Reyes et al., 1995; Neuman-Silberberg and 
Schupbach, 1993; Roth et al., 1995a). Therefore, either this signal represents ectopic 
expression of the construct, possibly due to the lack of cis-acting sequences within the 
grk gene, or the technique is so sensitive that low level of grk transcription is revealed. 
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Figure 4-2 Diagram of pCa4-grk-X44 construct and results summary 
(A) Diagram of pCa4-grk-X44 construct containing 0.6kb of grk gene, including the promoter and 
300bp of the 5'UTR, and X44 sequence lacking a polyA signal. (B) Summary of expression patterns 
of grk-X44 in the different transgenic lines as assayed by in situ hybridisation using X44 anti-sense 
probe. Line 36 (B 1) shows relatively strong dots in the nurse cells (nc) and oocyte nucleus (on) and 
weaker signals in the follicle cells (fc). Line 75 and 86 (132) show remarkably instense dotted signal in 
the fc. The majority of the transgenic lines show either variable degrees of weak nc and fc signal (133) 
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Figure 4-3 Expression pattern of grk-X44 
In situ hybridisation of grk-X44 egg chambers in different transgenic lines. (A, A') Line 36 shows 
X44 nuclear signal in nurse cell (nc), oocyte nucleus (on) and follicle cell (fc). (B, B') Line 75 shows 
strong fc nuclear signal. (C) Line 8 shows a similar expression pattern to line 36 but weaker in 
intensity with no noticeable nuclear signal in the ooycte nucleus. (D) X44 sense probe on line 8 shows 
a similar nc and fc nuclear signal as observed with X44 anti-sense probe. (E, F) In situs of /th-X44 egg 
chambers hybridised with X44 anti-sense (E) and sense (F) probes. Both probes show nuclar nc and fc 
signals. (G,G') In situ of hb-X44 embryo showing a nuclear signal at the anterior of the embryo 
where hb is expressed. 
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As another control of the specificity of the nuclear signal detected in grk-X44 transgenic 
lines, an X44 sense probe was used. Surprisingly, the X44 sense probe also showed a 
nuclear signal in both nurse cells and follicle cells of the few transgenic lines tested 
(Figure 4-3C, D). The fact that both sense and anti-sense probes show nuclear dots in 
the nurse cells and follicle cells suggests that either both sense and anti-sense X44 
transcripts are produced, or that the probes hybridise to DNA and not RNA. A control 
experiment using RNAase A to eliminate endogenous RNA, and thus test the identity of 
the signal in grk-X44 transgenic lines was carried out but the controls did not work. This 
experiment should be repeated since, due to the lack of time it was not completed. 
In order to test whether the results obtained with the grk-X44 transgenic lines were 
specific to the promoter used or to the overall approach (promoter-X44) the original 
hbX44 (Wilkie et al., 1999) line was examined for X44 expression in oogenesis. This 
transgene contains the hb zygotic promoter expressed in embryogenesis (Figure 4-3G, 
G'). Surprisingly, both X44 sense and anti-sense probes showed nurse cell and follicle 
cell signals (Figure 4-3E, F). This could suggest that X44 is ectopically transcribed in 
oogenesis as sense and anti-sense transcripts. Alternatively, these results might suggest 
a detection of DNA rather than RNA transcripts by the X44 probes. However, in 
embryogenesis, FISH with anti-sense X44 shows large nascent transcripts exclusively in 
the anterior region of the embryo, where hb is expressed (Figure 4-3G, G'). This would 
indicate that at least in embryogenesis, X44 anti-sense probe detects X44 mRNA 
transcripts and not DNA. 
Thus the results obtained with grk-X44 and hbX44 are surprising in that FISH with sense 
and anti-sense probes show similar nuclear dots, and in the ectopic nature of their 
expression. The full interpretation of these results is discussed in later sections of this 
chapter. We decided to make a new construct that differed from pCa4-grk-X44 in its 
inclusion of the entire grk genomic region, and use of lacZ as a reporter. The former 
was to prevent ectopic expression of the construct. The latter was to avoid using X44 as 
a reporter thought to cause an aberrant effect in transcription and or chromatin structure. 
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Producing large nascent transcripts signal with pCa4-grk gen0,,uc-lacZ 
In order to test whether the lack of regulatory cis-acting sequences in grk-X44 was 
responsible for ectopic expression of the transgene a new construct, pCa4-grk genomjc-lacZ 
was generated from pG5-L-G3. pG5-L-G3 plasmid includes grk genomic regions 
(including all 3 introns) and 3kb of lacZ (Thio et al., 2000). This construct was 
previously used to study grk cis-acting signals required for grk mRNA localisation. G5-
L-G3 transgenic flies were shown to express a grk-lacZ transcript that localised similarly 
to endogenous grk mRNA (Thio et al., 2000). In addition the original grk genomic 
construct without lacZ was shown to rescue a grk RNA null mutant (T.Schupbach 
personal communication). Therefore we predicted that all necessary cis-acting 
regulatory regions for correct grk expression would be present in the pG5-L-G3 
construct. 
To remove the grk gene polyA signal, two approaches could be followed. The assigned 
polyA signal could be mutagenised, by in vitro directed mutagenesis. This however 
could lead to the use of a cryptic polyA signal downstream of that mutagenised 
sequence. Alternatively, the entire region downstream of grk polyA signal (-200bp) 
could be deleted. This approach ensures that no cryptic polyA signal is used 
invalidating the overall approach of generating large nascent transcripts. On the other 
hand it is possible that the deleted 200bp of the grk 3'UTR might be necessary for 
correct grk expression. Since the aim of the experiment was to generate a grk construct 
without a polyA signal, the second approach was followed (for cloning details see 
Materials and Methods). The resulting pCa4-grk genomjc-lacZ (Figure 44A) was injected 
into Drosophila embryos and ten independent transgenic lines were established (see 
Materials and Methods). Figure 4-4B shows a summary of the results obtained assayed 
by in situ hybridisation using lacZ anti-sense probe. 
Surprisingly the grkgenomjc-lacZ transgenic lines do not show clear nuclear dots as 
previously observed in grk-X44 egg chambers. Instead a weak cytoplasmic signal is 
observed that is similar to that of grk in situs in OrR egg chambers (Figure 44B and 4- 
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5A, B). In addition, dots are observed in the nurse cell cytoplasm. It is difficult to 
determine whether any of these lines show a nuclear pattern in the nurse cells and 
follicle cells, due to the large number of dots dispersed homogenously throughout the 
nurse cell cytoplasm. Transgenic lines 9 (Figure 4-5A, B) and 10 show the strongest 
cytoplasmic signal whilst the remaining tested lines show a lower cytoplasmic signal in 
the nurse cell cytoplasm and ooctye cytoplasm. In contrast to grk-X44, the presence 
albeit surprising of a cytoplasmic signal in grkgenamjc-lacZ egg chambers, suggests that 
RNA, and not DNA is detected by the lacZ anti-sense probe. This cytoplasmic signal is 
specific as it was absent in OrR egg chambers hybridised with lacZ anti-sense probe 
(Figure 4-5D). As another control of the specificity of the cytoplasmic signal observed 
in grkgenom ,c-lacZ egg chambers, a lacZ sense probe was used. Surprisingly, a similar 
pattern of expression as those observed with the X44 anti-sense probe in grk-X44 and 
hbX44 egg chambers, a follicle cell and nurse cell signal was observed (Figure 4-5C and 
data not shown). 
In order to understand the cause of these unexpected results, the original enlacZ 
transgenic line was examined. enlacZ blastoderm embryos, show enlarged lacZ nascent 
transcripts exclusively in the en expressing nuclei (Figure 4-517). As expected, enlacZ 
egg chambers do not show a nuclear nor cytoplasmic signal, with either lacZ anti-sense 
or sense probe (Figure 4-5E). Thus from these experiments, it appears that the 
cytoplasmic signal observed in grkgenomic-lacZ egg chambers with both sense and anti-
sense probes is due to the detection of mRNA rather than DNA. The reason for which a 
cytoplasmic signal rather than nuclear signal, is detected will be discussed in the 
following section. 
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Figure 4-4 Diagram of pCa4-grkwmw-lacZ construct and results summary 
(A) Diagram of pCa4-grkgenomi-IacZ construct containing the lacZ gene. the entire grk gene except 
200bp of its 3'UTR containing the poly A signal. (B) Summary of expression patterns of 
pCa4-grkgcnomK-lacZ in the different transgenic lines assayed by in situ hybridisation using lacZ 
anti-sense probe. (B!) Lines 9,10 show a cytoplasmic dotted signal in the nurse cells and localised 
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Figure 4-5 Expression of grkgeswm:c-IacZ 
(A-C) In situ hybridisation of grke.i-1acZ egg chambers in transgenic Line 9. (A, A') Stage 9 and 
(B, B') stage 6 egg chamber showing lacZ cytoplasmic nurse cell (nc) and localised oocyte signal, 
similar to that observed for endogenous grk mRNA. (C, C') Stage 5/6 and stage 8 egg chambers 
hybridised with lacZ sense probe. A strong follicle cell (fc) signal is observed. (D. D') OrR egg 
chamber hybridised with lacZ anti-sense probe. No nuclear signal is observed. (E, F) In situ 
hybridisation in en-lacZ egg chambers (E) and embryos (F). In oogenesis no signal is observed with 
lacZ anti-sense probe, in embryos strong nuclear signal is evident in nuclei where en is expressed. 
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CONCLUSIONS AND DISCUSSION 
To determine the site of grk mRNA transcription we increased the size of the grk gene 
by generating a grk driven transgene that contained a reporter sequence lacking a polyA 
signal. A summary of the results obtained with the different transgenic lines tested is 
shown in Figure 4-6. Unfortunately the expression patterns demonstrated by in situ 
hybridisation of both grk-X44 and grkgenomic-lacZ transgenic lines do not clearly 
distinguish between the possibility of grk expression in the nurse cells and or the oocyte 
nucleus. The simplest explanation for this might be that essential cis-acting regulatory 
regions were absent in both transgenes. grk-X44 includes only the grk promoter. On the 
other hand, grkgenomic-lacZ contains all genomic regions of the grk gene, except -200bp 
of its 3'UTR. This region of the grk 3'UTR was removed to ensure that the polyA 
signal and other cryptic polyA signals downstream were absent in the construct. 
Therefore, it is possible that sequences within the missing 200pb of the grk 3 'UTR are 
necessary for its correct expression. A construct containing a mutatgenised polyA signal 
but including the entire grk 3 'UTR could be used to generate transgenic flies and thus 
test this hypothesis. 
grk-X44 transgenic lines show a variable X44 nuclear signal, mostly present in the 
follicle cells and nurse cells. Only one line (line 36) displays a clear dot (sometimes 2) 
in the oocyte nucleus as well. In addition the lines tested with X44 sense probe also 
show a nuclear signal similar to that observed with the X44 anti-sense probe. The fact 
that both X44 anti-sense and sense probes show similar nuclear signals could imply that 
nuclear dots represent DNA and not mRNA. Moreover, hb-X44 egg chambers, 
containing the zygotic hb promoter (expressed in embryogenesis) also show a nuclear 
follicle and nurse cell signal with both X44 anti-sense and sense probes. Therefore, it 
appears that 'promoter-X44' egg chambers give rise to nuclear dots with, both X44 anti-
sense and sense probes. Although the RNA in situ hybridisation protocol does not 
include a DNA melting step it might be possible to detect DNA under suboptimal 
conditions. However, if it is DNA that both X44 anti-sense and sense probes detect, 
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then why do the different lines show different levels of intensity of nurse cell and or 
follicle cell dots? Moreover, why do hb-X44 embryos not show a ubiquitous nuclear 
X44 signal? In contrast to the blastoderm embryo nuclei, both nurse cells and follicle 
cells are polyploid. Moreover, not all regions of the genome are replicated to the same 
extent, satellite and histone sequences are underrepresented (Hammond and Laird, 
1985). Thus, the difference in intensity levels observed between the transgenic lines, 
might be a reflection of the site of the transgene insertion into the genome. Some 
transgenic lines might contain more replicated X44 sequences than others. In addition, 
some transgenes might have transposed into regions of the genome containing chromatin 
structures that can be more readily denatured and as a consequence detected by RNA in 
situs. An experiment in which grk-X44 egg chambers are treated with RNAseA prior to 
in situ hybridisation should clarify the issue of the identity of the nuclear dots. 
If the dots are RNA however, why is grk-X44 expressed in the follicle cells? Moreover, 
why is hb-X44 expressed in oogenesis? The ectopic expression of grk might be due to 
missing cis-acting sequences in the construct used. In addition, the transgene might 
have inserted in genomic regions under high transcriptional activity that lead to position 
effects. This explanation however is unlikely since all lines that show nuclear .  signals 
(7/10) reveal follicle cell dots. To reduce the chances of position effects insulated 
vectors, rather than pCa4 could be used as a transforming vector. Alternatively, the 
sensitivity of the technique might be high enough to detect basal transcription levels of 
genes previously undetected, hence the nuclear dots observed in the follicle cells in grk-
X44 and hb-X44. A thorough investigation of the site of insertion of all the different 
transgenes might help elucidate the reason why grk and hb both drive the expression of 
X44 mRNA in the follicle cells. Moreover, examination of grk-X44 expression at other 
developmental stages, both in diploid and polyploidy cells, could clarify the issue of 
DNA detection vs. ectopic expression of the transgene. 
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Figure 4-6 Summary of phenotypes observed with different rransgenes 
Left column shows diagrams of the transgenes used in this chapter. * constructs cloned and 
used to make transgenic lines for this thesis. Arrows indicate direction of transcription. 
Boxed arrowheads denote inverted repeats of transformation constructs. The right column 
shows the expression pattern observed for the varying constructs, in embryogenesis and 
oogenesis, using anti-sense and sense RNA probes. (en) engrailed, (grk) gurken, (ry) rosy, 
(hb) hunchback, (ND) not determined, (nc) nurse cells, (fc) follicle cells. 
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In contrast to the nuclear dots observed with grk-X44, grkgenom ,c-lacZ egg chambers show 
a homogenously dispersed cytoplasmic dotted signal in the nurse cells, and a localised 
dotted signal in the oocyte. The localised signal in the oocyte is similar to grk in situs in 
wt egg chambers. Thus it appears that the transgene generates a transcript that is 
exported from the nuclei and localises around the oocyte nucleus. pCa4-grk genomjc -lacZ 
construct contains the 3kb lacZ gene and all genomic regions of the grk gene, except a 
portion of the 3'UTR containing the assigned polyA signal. Upon closer examination of 
the construct made it was observed that the pCa4-grk g om jc-lacZ construct was cloned. 
into pCa4 in the same direction as the mini white gene (Figure 4-6). This is in contrast 
to all other constructs (Figure 4-6). Thus although the grk gene lacks its own polyA 
signal, the transgene contains the polyA of the mini white gene. The grk gene is 3kb 
long. The resulting transgene from grkgenomjc-lacZ transgenic flies is -3 times longer 
(grk=3kb, lacZ=3kb, mini white 3kb). The cytoplasmic dots observed in these 
transgenic flies might reflect the expression of a grk-lacZ-white transcript that is 
inefficiently transported into the oocyte and localises like the grk transcript. This nurse 
cell cytoplasmic signal is not observed in grk mRNA in situs in wt egg chambers. Thio 
et al, have demonstrated that transgenic lines generated from the same original plasmid 
(genomic grk containing 3kb lacZ) reveal an oocyte localised signal suggesting that the 
insertion of a 3kb fragment of lacZ does not disrupt localisation to the oocyte nucleus. 
Our results suggest that in addition to the 3kb lacZ fragment a grk transcript containing 
--3 kb of mini-white mRNA can localise to the oocyte nucleus, albeit less efficiently than 
the wt grk transcript. The cytoplasmic nurse cell signal is indicative of expression of grk 
mRNA by the nurse cell nuclei. As this signal is absent in grk mRNA in situs in wt egg 
chambers, the cytoplasmic nurse cell dots observed in grkgenomic-lacZ egg chambers 
might reflect a deficiency in nurse cell to oocyte transport of this aberrant transcript. 
Although suggestive of nurse cell transcription, these results, however do not rule out 
the possibility that the oocyte nucleus also transcribes grk mRNA. Therefore from these 
results alone, it is difficult to determine where grk is transcribed. 
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Moreover the fact that both grkgenomi -lacZ transgenic lines tested with lacZ sense probes 
show a strong nuclear signal in the follicle cells (line 9, Figure 4-5C) and nurse cells 
(line 10, data not shown) suggests that the previous effect observed with grk-X44 and 
hb-X44 egg chambers might not be unique to the X44 repeats. In contrast to pEn-lacZ, 
pCa4-grk-X44, pCa4-Hb-X44 and pCa4-grk genomic-lacZ were all cloned into pCa4 
(Figure 4-6). Since the use of pCa4 is the only common feature between these three 
constructs, the unexpected nuclear signal observed with both anti-sense and sense (X44 
and lacZ) probes might be due to the manner in which the transgene transposes into the 
genome that can result in the expression of a transcript from both orientations. To gain 
further insight into the cause of these unexpected results other transgenic lines, varying 
in type of vector and promoter should be tested. 
Recently, a study investigating the site of grk mRNA transcription was published 
(Caceres and Nilson, 2005). In contrast to the experiments discussed in this thesis that 
qualitatively test the presence of grk mRNA in either nurse cell or oocyte. nuclei, 
Caceres et al used a functional approach to determine the site of grk mRNA transcription 
(Caceres and Nilson, 2005). Mosaic egg chambers containing an oocyte nucleus 
incapable of producing grk mRNA were examined for the production of grk mRNA, and 
Grk function. Caceres et al elegantly demonstrated that nurse cell produced grk mRNA 
is sufficient to establish the A-P and D-V axes of the fly. Although this does not 
eliminate the possibility that grk mRNA is also transcribed by the oocyte nucleus, it 
indicates that oocyte nucleus transcribed grk mRNA is not necessary for development. 
Moreover, this finding is consistent with the idea that the oocyte nucleus is 
transcriptionally inactive (King and Burnett, 1959). Caceres et al results suggest that 
nurse cell produced grk mRNA is transported into the oocyte where it localises 
posteriorly and dorso anteriorly around the oocyte nucleus. These results also imply that 
the reason for which no grk mRNA is detected in the nurse cell cytoplasm by in situ 
hybridisation like bcd and os/c mRNAs, is not because grk mRNA is not transcribed by 
the nurse cell nuclei, but rather the levels of expression are too low to be detected. 
Therefore these recent findings by Caceres et al are consistent with the nurse cell signal 
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observed in grkgenomjc-lacZ egg chambers representing accumulated aberrant transcript 
that cannot be efficiently transported into the oocyte. The suggestion that grk mRNA is 
transcribed by the nurse cell nuclei throughout oogenesis opens new questions 
concerning the mechanism of grk mRNA nurse cell to oocyte transport. What molecular 
motors, if any are required for grk mRNA movement into the oocyte? 
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ENDOGENOUS GRK mRNA 
INTRODUCTION 
Direct visualisation of mRNAs in real time has greatly advanced our understanding of 
the mechanism of mRNA localisation. Prior to the development of mRNA labelling 
techniques and visualisation in real time, it was difficult to distinguish between the 
different mechanisms of mRNA localisation by examining the pattern of mRNA 
distribution by in situ hybridisation. This is due to the static nature of the technique that 
shows spatial and temporal distribution of transcripts at a particular point in time. On 
the other hand, visualisation of moving mRNAs in real time can elucidate changes in the 
dynamic distribution of mRNAs including varying requirements of cytoskeletal elements 
and molecular motors. At the onset of this thesis, the mechanism of grk mRNA 
localisation in the oocyte was unknown. To gain insight into the mechanism by which 
grk mRNA localises in oogenesis, a novel mRNA labelling technique was explored. 
Different methods, varying in their potential and drawbacks, have been developed to 
examine the movement of mRNAs in vivo. One of the earliest studies of mRNA 
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movement in living cells was via the injection of fluorescently labelled in vitro 
transcribed MBP mRNA in oligodendrocytes (Ainger et al., 1993). More recently, the 
use of an in vivo RNA injection assay has led to the discovery that pair rule transcripts 
localise apically in the Drosophila embryo in a microtubule, Dynein, and BicD/Egl 
mediated manner (Bullock and Ish-Horowicz, 2001; Lall et al., 1999; Wilkie and Davis, 
2001). The main disadvantage of this technique is that injected and not endogenous 
mRNA is monitored. Moreover, some mRNAs known to require nuclear processing for 
localisation (Hachet and Ephrussi, 2004) must be injected into the nuclei which is not 
always easy and might lead to extensive cellular damage. 
The simplest non-invasive technique for monitoring endogenous mRNA localisation is 
to indirectly label an mRNA with a RNA binding protein fused to green fluorescent 
protein (GFP) (Martin et al., 2003; Theurkauf and Hazelrigg, 1998; Wang and 
Ha.zelrigg, 1994). In this manner, Exu, a protein required for bcd mRNA localisation 
(Berleth et al., 1988; Cha et al., 2001; St Johnston et al., 1989), has been shown to move 
into the oocyte by a microtubule dependent process (Theurkauf and Hazelrigg, 1998). A 
disadvantage of this technique however, is that most RNA-binding proteins interact with 
more than one mRNA molecule. Therefore it is necessary to show that any moving GFP 
particle contains the RNA of interest (St Johnston, 2005). 
An approach that directly labels mRNAs is the MS2-GFP technique (Bertrand et al., 
1998). The mRNA of interest is modified to contain high affinity binding sites for the 
phage coat protein MS2 fused to GFP. Both transgenes RNA-MS2-binding sites and 
MS2-GFP are co-expressed in the cell of interest. To reduce background signal MS2-
GFP contains a nuclear localisation signal (NLS) designed to generate a cytoplasmic 
signal only upon its interaction with the mRNA. This method has been successfully 
used to investigate the mechanism of Ash] mRNA localisation in yeast (Beach et al., 
1999; Bertrand et al., 1998), [3-actin mRNA localisation in cultured mammalian cells 
(Fusco et al., 2003) and of nanos mRNA in Drosophila egg chambers (Forrest and 
Gavis, 2003). This approach has the potential disadvantage of affecting the overall 
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secondary structure of the mRNA of interest, and thus its localisation efficiency by the 
addition of repeated MS2 binding sites. 
An elegant approach recently designed to label endogenous mRNA upon injection is the 
use of molecular beacons (Tyagi and Kramer, 1996). Molecular beacons are 
oligonucleotides that possess complementary sequences on either end of a probe 
sequence, enabling the molecule to assume a hairpin configuration in which a 
fluorophore and a quencher are held in close proximity (Figure 54A) (Tyagi and 
Kramer, 1996). Upon formation of a probe-target hybrid, the hairpin stem is disrupted 
removing the fluorophore from the vicinity of the quencher and thus restoring the probe 
fluorescence (Figure 54A). Therefore, molecular beacons only emit fluorescence in the 
presence of a complementary target sequence. Apart from the possible cellular damage 
caused by injection, molecular beacons have not been shown to perturb the target 
sequence. However since they are oligonucleotide probes, they must be designed to be 
resistant to nucleases. To prevent degradation of the beacon by DNA nucleases, and to 
prevent destruction of the beacon-mRNA hybrid by ribonucleases, the molecular 
beacons are synthesised from a 2'-O-methylribonucl eoti des instead of DNA as 
previouslyused for other techniques (Figure 5-1A, B) (Bratu et al., 2003; Tsoürkas et 
al., 2003). The main advantage of molecular beacons is that they detect endogenous 
mRNA, expressed under its own promoter. However, one potential drawback of this 
technique is the low sensitivity provided by one fluorophore per beacon. Therefore if 
one type of beacon is injected, each mRNA molecule will be labelled by one 
fluorophore. Despite this disadvantage, molecular beacons have successfully been used 
to detect osk mRNA in the oocyte (Bratu et al., 2003) and /3-actin in fibroblasts (Tyagi 
and Alsmadi, 2004). 
The ease with which molecular beacons can be designed and rapidly tested by injection 
into living cells prompted us to explore the use of molecular beacons to monitor the 
dynamics of grk mRNA movement in living egg chambers. To this end, grk molecular 
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beacons were designed in collaboration with Sanjay Tyagi and Diana Bratu and tested in 
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Figure 5-1 Molecular Beacons 
Principle of operation. Upon beacon hybridisation to target mRNA, the fluorescence of 
an internally quenched fluorophore, is restored enabling target dection. (B, C) Testing 
nuclease resistance. Substitution of deoxyribonucleotides (DNA=red) for 
2-0-methylribonucleotides (molecular beacon=blue) renders molecular beacons resistant to 
DNaseI and their hybrids resistant to (C) RNaseH digestion expression [Figure extracted 
from Bratu et al. 20031. 
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RESULTS 
grk beacon design 
The design of grk molecular beacons was based on predicted secondary structures for 
the mRNA provided by two algorithms M-fold and OligoWalk (Mathews et al., 1999a; 
Mathews et al., 1999b; Zuker, 2003). Beacon design was carried out by Diana Bratu. 
From M-fold, the most thermodynamically stable structure for the mRNA was chosen, 
taking into account ss-count values and p-num values. The former indicates the 
probability of a nucleotide being single stranded in the context of the folded RNA, the 
second is a measure of structural plasticity. Using these criteria accessible single 
stranded regions were chosen as targets for grk beacons. To narrow down these options, 
another software, OligoWalk was used to determine the stability of the corresponding 
beacon-RNA duplex formed upon binding. Six beacons were designed and synthesised 
(Appendix Q. All six beacons consist of a target sequence of 12-25nt, 40-55% GC rich, 
and a stem of 4-5 nt made up of GC mostly. The same fluorophore TMR and quencher 
moiety BHQ2 has been attached to all molecular beacons. The beacons were designed 
against different regions of grk cDNA, including the 5' and 3'UTR (Figure 5-2A). 
Testing the purity of grk beacon synthesis 
In order to prevent background signal upon injection of beacons in living cells, it is 
crucial to confirm that the signal emitted by the fluorophore is due to hybridisation to the 
target RNA, and not due to aberrantly synthesised beacons lacking a quencher or due to 
misaligned stems. Therefore, signal-to-background ratio values indicate the purity of 
molecular beacon synthesis. Thus for each molecular beacon the corresponding signal-
to-background ratios were measured in the following manner (Diana Bratu): 
Signal-to background ratio = (FopenFbuffer)/(FclosedFbuffer) 
Figure 5-2 
	
Testing grk beacons in vivo 
Figure 5-2 Testing grk beacons in vivo 
(A) Schematic of grk gene. Exons shown as boxes (red--ORE white=5'UTR and 3'UTR) with 
interspersed introns. grkA2B6 represents grk deletion mutant in grk promoter. In red are grk beacons, 
grk228, grk3l8, grkl 148, grk1292. grk1332. grkl4O6 aligned against target regions. 0 Beacons 
shown in (B-D). In blue are primers used for RT-PCR (see Figure 5-3). (B-E) grk228 and 
grk 1292 nurse cell injection in OrR stage 8 egg chambers. (B, C) grk228. (D, E) grk 1292. Note 
that both beacons elicit a weak localised signal near the oocyte nucleus (arrows). In addition a strong 
nuclear (nurse cell and oocyte nucleus) is observed for all beacons tested. 
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Fbuffer denotes the fluorescence emitted by the hybridisation buffer alone, Fclosed  indicates 
the fluorescence emitted by the molecular beacon in the hybridisation solution, 
denotes the maximum fluorescence emitted by the addition of a complementary 
oligonucleotide to the molecular beacon solution. Good molecular beacons generate a 
fluorescent signal at least 25 times more intense in the presence than in the absence of 
the oligonucleotide target. For the six beacons designed, signal-to-background ratio 
ranged from 53x for grk228 to 28x for grk1292. Interestingly the in vivo results 
described below demonstrate that these signal-to-background values do not predict the 
functionality of each molecular beacon in the injection assays. Signal-to-background 
levels are an indication of beacon purity only. In order to test target accessibility, the 
entire grk RNA transcript should be used instead of oligonucleotide targets. Due to lack 
of time, however this was not carried out. Thus beacon functionality was tested in vivo 
for all six beacons synthesised. 
Testing grk beacons in vivo 
To test for beacon hybridisation to grk mRNA, OrR egg chambers were injected. Each 
beacon was injected in the oocyte and nurse cell cytoplasm of stage 8-10 egg chambers 
and imaged over 1 hour (see Materials and Methods for incubation of Drosophila egg 
chambers). Initially we were encouraged to observe a weak signal close to the oocyte 
nucleus, similar to that observed by in situ hybridisation of grk mRNA (Figure 5-2B-E) 
(Neuman- Si lb erberg and SchUpbach, 1993). This signal was independent of the site of 
injection as approximately half of those egg chambers injected in the nurse cell and 
oocyte cytoplasm revealed a localised signal reminiscent of grk mRNA. Only grk228 
and grk1292 beacons complementary to regions in the 5'UTR and 3'UTR, showed this 
positive signal indicative of grk mRNA. All six beacons, however, showed a 
cytoplasmic and nuclear signal visible within seconds of injection that spread through 
the entire egg chamber. This feature of molecular beacons seems to be independent of 
beacon sequence. 
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Testing grk beacons specificity 
In order to test whether the positive signal observed for beacons grk228 and grk1292 
was due to grk beacon hybridisation to endogenous grk mRNA, a grk mutant, grk2B6 
was examined (Thio et al., 2000). g2B6  is an RNA null mutant that displays an oocyte 
nucleus migration phenotype as a consequence of the lack of Grk signalling at the 
posterior, of the oocyte (Thio et al., 2000). In 50% of grk2B6  egg chambers, the oocyte 
nucleus does not migrate to the dorso-anterior corner and thus remain at the posterior of 
the oocyte. Unexpectedly, injection of grk228 and grk1292 beacons in grk2B6  mutants 
resulted in a positive signal proximal to the mislocalised oocyte nucleus (Figure 5-3A-
D). To test that the signal observed in this mutant was not due to residual levels of grk 
mRNA previously undetected by Northern blots or in situ hybridisation (Neuman-
Silberberg and SchUpbach, 1993; Thio et al., 2000), we carried out RT-PCR, a more 
sensitive approach, to test for the presence of grk mRNA.in grk2B6  mutants. As Figure 5-
3E shows, two different set of primers were used to test for the presence of grk mRNA. 
Ribosomal protein (rp49) primers were used as a positive control. As expected, in the 
presence of RT enzyme, rp49 is amplified in both g1./2B6  and OrR egg chambers (lanes 1 
and 5 respectively). grk specific primers (See Appendix B), spanning the region against 
which grk228 beacon hybridises (Figure 5-2A), were used to test for g'rk mRNA. These 
primers include an intron as a control of DNA contamination. As lane 2 shows, no grk 
RNA was present in grk286mutant egg chambers, in contrast to OrR egg chambers (lane 
6) where the expected 354bp fragment was amplified. The weak, bigger band 
corresponds to the unspliced 500 bp fragment. This result is consistent with previous 
published data, confirming the absence of grk mRNA in g&B6  mutant egg chambers. 
Therefore, the identity of the signal in g.rk2B6  mutants generated by grk228 and grk 1292 
beacons remains elusive. This finding, thus, invalidates the approach of using grk228 
and grk 1292 as indicators of endogenous grk mRNA 
83 
Figure 5-3 	 Testing grk beacons specificity 
E 	 grk2B6 	 OrR 	 water 
+RI 	-RI 	+RT 	-RI 	+RT 	-RI 
rp49grk
i  
jrk rp49 cjrk 
60 , -_I 
-- iNTI_ TJJ 
1 	2 	3 	4 	5 	6 	/ 	8 	9 	10 	11 12 
F 
228 1202 318 1148 1332 1406 
OrR qrk2B6 OrR grk2B6 OrR OrR OrR OrR 
st6/7 3/4 2/3 2/2 - 0/2 0/4 0/3 0/1 
st8 2/3 0/1 4/8 2/3 1/3 0/1 0/2 0/1 
st9 317 2/7 3/7 3/4 1/4 0/9 0/5 0/5 
stlO 1/4 1/2 2/4 - - 0/2 - - 
TOTAL 50% 38% 52% 71% 22% 01/6 0% 00/0 
n=18 n=13 n=21 n=7 n=9 n=16 n=10 n=7 
Figure 5-3 Testing grk beacons specificity 
(A-D) Injection (into the oocyte) of grk beacons in grk2B6 egg chambers. (A, B) grk228. 
(C, D) grk 1292. A signal is observed near the mispositioned oocyte nucleus and at the anterior. 
(E) RT-PCR to test for the presence of grk mRNA in grk2B6 mutant egg chambers. RP49 
and grk denote, primers used. The asterix (*) marks the presence of grk mRNA in OrR 
(lane 6) but not grk2B6 mutant egg chambers (lane 2). (F) Statistics of localised signal 
observed for grk beacon injections in OrR and grk2B6 mutants. 
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Amplifying the beacon signal 
Experiments using single molecular beacons elicited a signal that was not specific to 
grk. We reasoned that by amplifying the target mRNA, a higher signal to noise ratio 
could be obtained, therefore increasing the chances of detecting grk mRNA. The 
rationale was to tag grk mRNA with a repeated sequence against which a beacon could 
be designed. 
As a preliminary experiment, the transgenic line hb-X44 was used. As mentioned 
previously in this thesis, FISH performed on hb-X44 using a probe against X44 shows a 
strong nascent transcript signal in the anterior region of the embryo only. Thus a 
molecular beacon against a single repeat called XI, (for rhodamine binding sequence), 
was designed in collaboration with Diana Bratu (Figure 54A). The criteria for selection 
of beacon targets, was the same as previously described. One beacon was designed, and 
tested in vitro. A signal-to-background ratio >30x was obtained (Diana Bratu). No in 
vitro hybridisation tests, to assess target accessability were carried out. 
To test XI beacon in vivo, hb-X44 embryos were injected and imaged 15 mins. As 
Figure 5413 shows, a dotted signal was detected in the nuclei, irrespective of their 
position in the embryo. This would suggest non-specific signal, as hb is only expressed 
in the anterior of the embryo. To test non-specific binding, OrR embryos were injected 
with Xl beacon. An indistinguishable nuclear signal, from that obtained in hb-X44 was 
observed in all nuclei near the site of injection (Figure 5-4C). Thus we can conclude 
that this specific X  beacon cannot be used to detect X44 tagged mRNA. 







I ... 0 
Figure 5-4 A,nplijving the beacon signal 
(A) X  beacon design, shown hybridised to the 100 nt repeat secondary structure of XI as 
predicted by M-fold (D.Stewai-t and M.Zucker). (B) X I beacon injected into hb-X44 
blastdoerm embryo (peripheral view) (n=3) showing a nuclear signal. (C) OrR embryo 
injected with X  beacon showing a similar nuclear signal to B (n=3) suggesting that this 
signal is not specific to X44. 
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CONCLUSIONS AND DISCUSSION 
From the experiments carried out so far, we can conclude that the tested grk and Xl 
beacons cannot be used as probes for the respective mRNAs. In the case of grk beacons, 
two out of six probes generated a signal reminiscent of grk mRNA. This however was 
not specific to grk as indicated by the presence of a similar positive signal in grk RNA 
null mutants. The identity of such a signal concentrated near the oocyte nucleus is 
unclear. One can only speculate that it is due to the opening of each beacon by helicases 
and or RNA binding proteins. The concentration of the signal at the posterior however, 
suggests that such helicases and RNA binding proteins are concentrated near the 
mislocalised oocyte nucleus. It is unclear which, if any, of these molecules should be 
enriched in this region of the mutant oocyte. 
An alternative interpretation is that the putative grk signal is the consequence of both 
grk228 and grk1292 beacon hybridisation to another RNA target sequence present in 
both OrR and grk null mutants. To test this, a blast search for the Drosophila genome, 
and ESTs was carried out, retrieving only the expected grk sequence (data not shown). 
Therefore, if the target of both beacons is another localised RNA, its identity cannot be 
predicted at present. 
Finally, one cannot fully exclude the possibility that the signal generated by grk228 and 
grk1292 beacons in OrR is due to the sum of grk mRNA and the non-specific opening of 
the beacons by helicases and or RNA binding proteins. This is however unlikely, since 
fluorescence intensity signal of each grk beacon in OrR is not noticeably stronger than 
that observed in grk mutants, where grk mRNA is absent. 
In order to improve the technique several approaches could be followed. Firstly new 
target sequences could be studied. A systematic approach involving the design of a set 
of beacons against the entire grk transcript could be followed. This, would be time 
consuming and expensive, resulting in the synthesis of at least 90 molecular beacons for 
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target regions of 20 nucleotides. A more promising approach would be to utilise another 
method to predict target accessibility. Companies such as ExpressOn, rely on 
experimental in vitro binding hybridisation tests to output regions of an RNA molecule 
that are accessible for short oligonucleotide binding. As a preliminary experiment, the 
grk transcript was sent for analysis of accessible single stranded regions (sent by 
Veronique van de Bor). New sequences, previously undetected by M-Fold and 
OligoWalk (for grk beacon design), were selected as optimal for oligonucleotide binding 
(data not shown) while those targeted by the grk beacons were not. This assay however, 
depends on the hybridisation of in vitro transcribed target mRNA in hybridisation buffer 
devoid of cellular extracts containing RNA binding proteins. New grk beacons would 
have to be synthesised and tested in vivo to validate the ExpressOn approach. 
Finally, it is possible that even the most optimal grk beacon would not result in grk 
mRNA detection because of the combination of low sensitivity of molecular beacons 
and low levels of endogenous grk mRNA. As has been previously discussed in this 
thesis, FISH suggests that the level of osk mRNA in oogenesis is considerably higher 
than that of grk mRNA. This could explain why osk beacons successfully detect 
endogenous osk mRNA (Bratu et al., 2003). 
Therefore the most promising approach to improve the sensitivity of grk molecular 
beacons is to tag grk RNA with a repeated sequence. So far, the Xl beacon tested did 
not detect endogenous X44 RNA. Either other beacons should be designed against the 
120nt Xl repeat, or a new repeat sequence, such as regions of lacZ or GFP should be 
used. Tagging of grk mRNA should not interfere with its localisation efficiency. This 
could be tested by the in vivo injection assay described in the next chapters. Therefore, 
if a repeated sequence beacon could successfully detect the endogenous mRNA, this 
technique could be employed to follow grk mRNA and study its mechanism of 
localisation. 
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As a technique, the use of molecular beacons to detect mRNAs in living cells is in its 
infancy. In order to improve the functionality of molecular beacons, several aspects of 
their design must be developed further. Firstly, the main disadvantage of the technique 
is its low sensitivity. Each target molecule is detected by one single fluorochrome. One 
could potentially inject multiple beacons targeted against different regions of an mRNA 
molecule. This would result in both a signal and noise increase. Thus, in order for this 
approach to be effective, each molecular beacon should have a very good signal to noise 
ratio independently. Stronger dyes, could be attached at the ends of the MB to visualise 
the distribution of endogenous scarce mRNAs. Secondly, all beacons injected so far 
diffuse into the nuclei, regardless of their target sequence. This observation is consistent 
with previous data (Leonetti et al., 1991; Lorenz et al., 2000). Nuclear sequestration 
introduces noise and prevents a large pool of molecular beacons from interacting with 
cytoplasmic mRNAs. Mhalanga and colleagues have circumvented this problem with 
the design of tRNA-linked molecular beacons (Mhlanga et al., 2005). tRNA-linked 
beacons when injected into HeLa cells cytoplasm, remain cytoplasmic because of the 
cytoplasmic' requirement of tRNAs for translation. fi-actin, an abundant mRNA was 
used as a target. In order to successfully detect f3-.actin at the lamellae of chicken 
fibroblasts, three tRNA-linked beacons were simultaneously injected, together with the 
equivalent set of fi-actin molecular beacons not linked to tRNA. Results demonstrate, 
that the attachment of tRNA to the beacons leads to detection of fi-actin mRNA in the 
cytoplasm, otherwise undetected by conventional fJ-.actin beacons (Mhlanga et al., 
2005). In order to test the applicability of this technique other targets should be 
investigated. Lastly, the ,prediction of accessible regions, as determined by in vitro 
hybridisation reactions, has been carried out in hybridisation buffer alone. Cell extracts 
should be included in these tests, as several RNA binding proteins and helicases, could 
interfere with the stability of the stem of molecular beacons resulting in false positive 
signals. Therefore the inclusion of cell extracts in the in vitro hybridisation tests would 
provide a better representation of molecular beacon functionality. 
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Thus the use of grk molecular beacons, tested so far, have not help elucidate the 
mechanism of grk mRNA localisation. Even if the signal generated by grk molecular 
beacons were specific, the sensitivity of grk detection is too low to characterise the 
movement of grk mRNA in living egg chambers. Other methods that could be tested 
include the indirect visualisation of grk mRNA by a grk specific RNA binding protein 
fused to GFP. For instance, a Sqd-GFP fly line has been recently generated(Kelso et at., 
2004) that could be used to monitor grk mRNA dynamics in living egg chambers. 
However a study of Sqd-GFP living egg chambers would not necessarily indicate grk 
mRNA movement as Sqd protein has been recently shown to be partially required for 
osk mRNA localisation (Norvell et al., 2005). Alternatively, an MS2-GFP grk fly line 
could be generated to directly study grk mRNA movement. This approach was never 
initiated due to time constraints. Instead an in vivo injection assay previously used by 
Wilkie et alto study the localisation of pair rule transcripts in embryogenesis was 
adopted to examine the mechanism of grk mRNA localisation in oogenesis. Although 
this method does not directly monitor the dynamics of endogenous mRNA, like 
molecular beacons and the MS2-GFP technique, injected mRNAs have been shown to 
localise similarly to endogenous mRNAs, suggesting that their behaviour reflects that of 
endogenous mRNAs (Bullock and Ish-Horowicz, 2001; Cha et al., 2001; Lall et al., 
1999; MacDougall et al., 2003; Wilkie and Davis, 2001). The following chapters, 
Chapter 6 and Chapter 7 investigate the mechanism of grk mRNA nurse cell to oocyte 
transport and localisation in the oocyte (MacDougall et al., 2003) respectively. 
$I 
MECHANISM OF GRK mRNA 
NURSE CELL TO OOCYTE TRANSPORT 
INTRODUCTION 
In Drosophila oogenesis, oocyte growth occurs primarily by uptake of nutrients from the 
nurse cells. This is due to the fact that the oocyte nucleus is transcriptionally inactive 
throughout most of oogenesis (King and Burnett, 1959).. Nurse cell to oocyte transport 
is thus essential for oogenesis. The passage of nutrients into the oocyte occurs via actin 
rich ring canals that connect nurse cells to oocyte. Nurse cell to oocyte transport can be 
divided into three mechanistically distinct phases (Mahajan-Miklos and Cooley, 1994). 
In early oogenesis, in the germanum, oocyte specification depends on the selective 
transport of proteins such as BicD and Egl. (Mach and Lehmann, 1997; Suter and 
Steward, 1991). BicD and egi mutants result in egg chambers with sixteen nurse cells 
and no oocyte. This process is microtubule dependent as depolymerisation of these 
cytoskeletal elements phenocopies the BicD and egl phenotypes (Koch and Spitzer, 
1983; Theurkauf et al., 1993). During midoogenesis, from stages 2-7, a period of oocyte 
growth is observed. During these stages spanning approximately 2 days, both nurse 
cells and oocyte grow at the same rate (Spradling 1993). In this period mRNAs crucial 
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for axis specification of the Drosophila embryo are selectively deposited into the oocyte. 
Lastly, at the onset of stage lOB, a rapid and non-selective transport of nurse cells 
nutrients, referred to as 'dumping' occurs that leads to the doubling of oocyte volume 
within 30 mins (Mahajan-Miklos and Cooley, 1994). 
Microtubule and actin inhibitory studies have revealed that the cytoskeleton plays key 
roles throughout oogenesis. Microtubules have been shown to be required for oocyte 
specification (Koch and Spitzer, 1983; Theurkauf et al., 1993), transport and localisation 
of mRNAs such as bcd and osk in the oocyte (Pokrywka and Stephenson, 1991; 
Pokrywka and Stephenson, 1995). On the other hand, actin, a core component of the 
ring canals, has been shown to be required during stage lOB for bulk cytoplasmic 
transport from the nurse cells into the oocyte (Gutzeit, 1986). Mutations affecting ring 
canal assembly, cheerio, keich, or actin bundling chickadee, quail, and singed 
compromise nurse cell to oocyte transport and result in female sterility (Cant et al., 
1994; Cooley et al., 1992; Mahajan-Miklos and Cooley, 1994; Robinson et al., 1997; 
Xue and Cooley, 1993). These defects in nurse cell to oocyte transport are a 
consequence of blockage of ring canals due to malformed intercellular bridges or 
obstructions from detached nurse cell nuclei. These mutations therefore, do not appear 
to interfere with the transport of specific mRNAs, but are thought to perturb general 
cytoplasmic flow into the oocyte. 
Microtubules have been proposed to provide the tracks along which cargoes, including 
proteins, organelles and mRNAs are transported into the oocyte (Theurkauf et al., 1993). 
The polarity of the microtubule network in early Drosophila oogenesis (stage 2-8), with 
the MTOC located in the oocyte suggests that a minus end directed motor, such as 
Dynein, might mediate early nurse cell to oocyte transport (Theurkauf et al., 1993). 
Interestingly, null mutations of Dynein, and components of the Dynein complex, Lisl 
(Dynactin) result in egg chambers devoid of oocytes, similar to the phenotypes observed 
with BicD and egi null mutations (Gepner et al., 1996; Liu et al., 1999; McGrail and 
Hays, 1997; Swan et al., 1999). From this similarity in resulting phenotypes and genetic 
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interactions between the different genes, the early transport of factors required for 
oocyte specification has been proposed to occur by microtubules and DyneinlBicDfEgl 
mediated transport (Swan et al., 1999). However, no direct evidence for these proposals 
have been previously published. 
The role for Dynein in nurse cell to oocyte transport in midoogenesis is less clear due to 
the difficulty of studying null alleles as they arrest in early oogenesis. To date, the study 
of Dynein, in mid-late oogenesis has been limited to the examination of available 
hypomorphic alleles (McGrail and Hays, 1997). Interestingly, the dynein trans-
heterozygote dhc 61dhc6 ' 2, although female sterile has not been shown to have a 
phenotype in nurse cell to oocyte transport, nor to have axis specification defects as 
indicated by correctly localised grk mRNA (Gepner et al., 1996; McGrail and Hays, 
1997). On the other hand, LislE4ls  hypomorphic mutants show a number of phenotypes, 
suggesting different roles in Lisi function, including an oocyte nuclear positioning and 
nurse cell to oocyte transport defects (Swan et al., 1999). The latter is indicated by a 
striking reduction in oocyte size in Lis lE4l5  egg chambers. Interestingly, this defect 
appears to be specific to early stages of oogenesis as later egg chambers (stage 10) are 
almost wild type in size (Swan et al., 1999). Lis lE4l5  egg chambers, however exhibit no 
phenotype in the transport of mRNAs such as bcd and osk into the oocyte, as might be 
predicted from its marked reduction in oocyte size. 
BicD like Lisi has also been proposed to be involved in nurse cell to oocyte transport. 
The role of BicD in mid and late oogenesis was revealed by the study of an engineered 
allele, BicDm0m (Mid-Qogenesis mutants) (Swan and Suter, 1996). BicDm0m flies contain 
an inducible wt transgene in a BicD null background. In these flies, BicD activity was 
induced early in oogenesis allowing an oocyte to be made. By then shifting females to 
non-inducing conditions, BicD levels were depleted for the remainder of oogenesis 
(Swan and Suter, 1996). BcDmom  egg chambers show a reduction in oocyte size, D-V 
patterning defects and osk mRNA localisation defects in stages 9-10. The D-V 
patterning defects were postulated to be an indirect effect of the reduction in oocyte size, 
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and consequent incorrect Grk signalling to the adjacent follicle cells (Swan and Suter, 
1996). Interestingly grk mRNA localisation per se does not appear to be affected in 
B/cD tm0m . The similarity in oocyte growth phenotype observed in LislE4ls  and BicDm0m  
egg chambers suggests these genes might function together in nurse cell to oocyte 
transport. However, neither of these mutants shows a nurse cell to oocyte transport 
phenotype for any of the mRNAs tested as indicated by an accumulation of the 
respective mRNAs in the nurse cells. Consequently, although Lisi and BicD have been 
implicated in nurse cell to oocyte transport, the exact mechanism by which these 
proteins affect this process is unclear. Furthermore ; the specificity of a putative 
DyneinlLisllBicD nurse cell to oocyte transport of different cargoes remains elusive. 
Further support for a role in Dynein mediated nurse cell to oocyte transport arises from 
results obtained by Bullock et al. In these studies, a conserved mechanism of RNA 
transport in Drosophila oogenesis and embryogenesis was postulated (Bullock and Ish-
Horowicz, 2001). Pair rule zygotic transcripts, previously shown to localise in 
embryogenesis by microtubule and Dynein mediated process (Lall et al., 1999; Wilkie 
and Davis, 2001) when ectopically expressed in midoogenesis are transported into the 
oocyte and localise anteriorly similarly to maternally expressed RNAs. Moreover, 
ectopic expression of zygotic transcripts lacking their 3'UTR or those that do not 
localise like kruppel (icr) in embryogenesis, leads to their accumulation in the nurse cells 
rather than transport into the oocyte (Bullock and Ish-Horowicz, 2001). The factthat the 
nurse cell to oocyte transport of ectopically expressed pair rule transcripts depends on 
their 3 'UTR, previously shown to be required for Dynein mediated localisation in the 
embryo, suggests that a similar Dynein process mediates nurse cell to oocyte transport in 
oogenesis. 
Moreover, BicD and Egi, were shown to play a role in the localisation of pair rule 
transcripts in the embryo (Bullock and Ish-Horowicz, 2001). Genetic screens for 
maternal mutations that affect formation of the embryonic axes have identified B/cD and 
egi as genes required for oocyte determination and for specific RNA accumulation in the 
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oocyte (Mach and Lehmann, 1997; Mohler and Wiesçhaus, 1986; Ran et al., 1994; 
Schupbach and Wieschaus, 1991; Suter and Steward, 1991; Theurkauf et al., 1993). 
BicD contains multiple heptad repeats (Suter et al., 1989; Wharton and Struhi, 1989) 
that might mediate oligomerisation and interaction with other proteins; Egi includes a 
domain shared with a 3'-5' exonuclease (Moser et al., 1997). In oogenesis these two 
proteins form complexes together (Mach and Lehmann, 1997) and colocalise at the 
minus ends of microtubules (Mach and Lehmann, 1997; Oh and Steward, 2001). Egi 
and BicD are supplied maternally in the embryo and accumulate apically in the 
blastoderm embryo together with Dynein heavy chain. Strikingly, when maternally 
expressed RNAs, including bcd and grk, were injected in Drosophila blastoderm 
embryos they localised apically in a microtubule, Dynein, BicD and Egi dependent 
manner similar to pair rule transcripts (Bullock and Ish-Horowicz, 2001). Altogether 
this evidence suggests, but does not demonstrate directly, that the localisation machinery 
in oogenesis and embryogenesis is conserved. 
Therefore, although there is indirect evidence to suggest a Dynein dependence in nurse 
cell to oocyte transport the exact mechanism by which mRNA and other cargoes are 
transported into the oocyte is unknown. Furthermore, the specificity of this putative 
Dynein mediated transport into the oocyte is unclear. An injection assay demonstrating 
the mechanism of bcd RNA transport into the oocyte has revealed a microtubule 
dependence consistent with previous published data (Cha et al., 2001; Pokrywka and 
Stephenson, 1991). Interestingly, injected bcd RNA was shown to form particles that 
moved into the oocyte at speeds suggestive of an active transport process (Cha et al., 
2001). Exu protein, previously shown to be required for anterior bcd localisation (St 
Johnston et al., 1989) was demonstrated to be necessaryin the nurse cells to render bcd 
mRNA competent for anterior localisation (Cha et al., 2001). The role of a motor 
protein in this transport was however not addressed. Previous evidence suggests that 
bcd mRNA localisation in the oocyte is Swallow and Dynein dependent (Schnorrer et 
al., 2000). Thus, whilst the requirement for motor proteins in mRNA localisation has 
been easier to identify by the mislocalisation phenotypes observed in the various mutant 
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oocytes, the mechanism of nurse cell to oocyte transport of specific mRNAs has been 
more difficult to define conclusively. 
This chapter addresses the mechanism - of grk mRNA transport into the oocyte. Until 
recently the site of grk mRNA transcription was debated. Recent elegant experiments 
showing that nurse cell produced grk mRNA is sufficient to establish correct D-V axes 
of polarity, demonstrate that it must be transcribed in the nurse cell nuclei (Caceres and 
Nilson, 2005). To elucidate the mechanism by which this key maternal transcript moves 
from the nurse cells to the oocyte, an in vivo injection assay of in vitro transcribed and 
fluorescently labelled grk mRNA was used. In this manner, the role of microtubules, 
Dynein and BicD were investigated. 
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RESULTS 
Injected grk RNA moves from the nurse cells into the oocyte and 
localises specifically like the endogenous transcript 
To investigate the mechanism by which grk mRNA is transported from the nurse cells 
into the oocyte, an injection assay was established similar to that described for bcd RNA 
in the nurse cells (Cha et al., 2001) and grk RNA in the oocyte (MacDougall et al., 
2003). In summary protein-free, in vitro transcribed, fluorescently labelled capped full-
length grk RNA was injected into the nurse cell cytoplasm of living egg chambers and 
imaged for one hour. As grk xnRNA is expressed throughout oogenesis, from region 2B 
of the germarium to stage 10 (Neuman-Silberberg and SchUpbach, 1993), its transport 
into the oocyte was assayed at different developmental stages. Due to the difficulty of 
injecting early small egg chambers, only egg chambers from stage 6 onward were 
assayed. 
Strikingly, for all stages tested (6-10A), injected grk RNA was transported into the 
oocyte and localised to the oocyte nucleus like endogenous grk (Figure 6-1 A, C, E). 
Nurse cell to oocyte transport was characterised by an accumulation of grk RNA at what 
appears to be the ring canals prior to its movement and localisation in the oocyte (see 
following section). At early stages of oogenesis, stage 6-7 endogenous grk mRNA 
localises to the posterior of the oocyte in a tight crescent (Figure 6-113 and 
MOVIE1)(Neuman-Silberberg and Schupbach, 1993). grk RNA injection into stage 6-7 
nurse cells was characterised by a rapid transport into the oocyte, followed by a transient 
anterior accumulation (Figure . 6-1A), and final enrichment at the posterior of the oocyte 
nucleus (Figure 6-IA'). This posterior localisation pattern was observed in 67%, n18 
of injected egg chambers. In the remaining 33% of stage 6-7 injected egg chambers, grk 
RNA remained at the anterior of the oocyte. This anterior accumulation might reflect an 
intermediate step in the localisation of grk mRNA to the posterior of stage 6-7 oocytes. 
From stage 8 onward, endogenous grk mRNA localises transiently to the anterior of the 
oocyte, with a final enrichment at the dorso-anterior corner in close proximity to the 
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oocyte nucleus (Figure 6-11),F) (Neuman-Silberberg and SchUpbach, 1993). Sixty per 
cent of nurse cell injected stage 8-9 egg chambers show grk RNA localisation to the 
oocyte nucleus (n=30) (Figure 6-1C,C' and E,E' and MOVIE 2). From the remaining 
40%, in 27% of stage 8-9 egg chambers, grk RNA localises anteriorly, whilst in 13% grk 
RNA is transported into the oocyte dispersing homogenously. The efficiency of the 
localisation is yet lower in stage 10A nurse cell injected egg chambers, 43% (n=7). 
Therefore, it appears that the transport efficiency and subsequent localisation of grk 
RNA is highest at early stages of oogenesis, 6 to early 8. In stage 9-1A egg chambers, 
most of the injected RNA remains in the nurse cells (Figure 6-10). 
To test the specificity of the injection assay, bcd RNA a localised transcript was injected 
into the nurse cells. Consistent with previous published work (Cha et al., 2001), bcd 
RNA injected in nurse cell cytoplasm, accumulates near apparent ring canals prior to its 
transport and localisation to the anterior of the oocyte (Figure 6-2C, C' and E, E'). This 
localisation pattern is similar that of the endogenous bcd mRNA at all stages tested 
(Figure 6-213, D and F). In contrast to grk RNA, however, injected bcd RNA transport 
and localisation in the oocyte appear to be more efficient at later stages of oogenesis (8-
9). This is consistent with the higher levels of endogenous bcd expression observed at 
stages 8-9, relative to stage 6-7. Only in one stage 6 oocyte, bcd RNA localised 
transiently to the anterior of the oocyte with a final loose accumulation at the posterior 
of the oocyte (16%, n=6) (Figure 6-1A, A'). This posterior bcd localisation is notably 
different from the tight posterior accumulation observed with injected and endogenous 
grk RNA (compare Figure 6-1B with Figure 6-2B). In the remaining stage 6-7 egg 
chambers (84%, n=6), little bcd RNA moved in the oocyte dispersing homogenously in 
the cytoplasm. However in 76% of nurse cell injected stage 8-9 egg chambers, bcd 
RNA was transported into the oocyte localising to the anterior margin of the oocyte 
(n=41) (Figure 6-2C', E'). The remaining 24% showed movement into the oocyte with 
no localisation. Such differences between grk and bcd RNAs in efficiency of nurse cell 
to oocyte transport and subsequent localisation might reflect the dynamics of the 
respective endogenous mRNAs at different stages of oogenesis. 
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Figure 6-1 Nurse cell injected grk RNA is transported into the 
oocyte and localises like the endogenous transcript 
Injected qrkRNA 	- - 
Figure 6-1 Nurse cell injected grk RNA is transported into the oocyte and localises like the 
endogenous transcript 
(A, C, E) Nurse cell injected grk RNA. (B, D. F) In situ hybridisation showing endogenous 
grk mRNA in equivalent stage egg chambers to those shown in (A, C, E) (grk RNA in red, 
DNA in cyan). (A) stage 7 (and MOVIE I), (C) Young stage 8 and (E) stage 9 (MOVIE 2) 
injected egg chambers. (A, C, E) 15 min after injection, (A', C', E') 60min after injection. 
grk RNA injected into the nurse cells is transported into the oocyte and localises posteriorly 
or dorso-anteriorly depending on the stages. Arrows indicate sites of apparent ring canal 
accumulation. In all panels and following figures, anterior is to the left and dorsal is to the 
top. Scale bar 4011m. 
Figure 6-2 Nurse cell injected bcd RNA is transported into the 
oocyte and localises like the endogenous transcript 
Endogenous bcd RNA 
Figure 6-2 Nurse cell injected bcd RNA is transported into the oocyte and localises like the 
endogenous transcript 
(A, C, E) Nurse cell injected bcd RNA. (B, D, F) In situ hybridisation showing endogenous 
bcd mRNA in equivalent stage egg chambers to those shown in A,C,E respectively. bcd RNA 
in red, (B) brighttield image with the nuclei outline shown in cyan, (D, F) DNA in cyan. 
(A) Stage 7, (C) Young stage 8 and (E) stage 9 injected egg chambers. (A, C, E) 15 mm 
after injection, (A', C', E') 60min after injection. bcd RNA injected in the nurse cells 
accumulate at apparent ring canals (arrows) and move into the oocyte where it localises to 
the anterior cortex. Scale bar 40j.xm. 
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To further test the specificity of the nurse cell injection assay, a number of unlocalised 
maternally expressed mRNAs, which unlike grk and bcd mRNAs are not enriched in the 
oocyte, (hb, dp) or expressed in oogenesis (kr) were injected. hb mRNA is expressed in 
midoogenesis as indicated by in situ hybridisation (Margolis et al., 1994). Dp RNA, 
coding for the E2F transcription factor, has been previously used as a control of 
specificity in a similar RNA injection assay to study the mechanism of bcd RNA 
localisation (Cha et al., 2001). Interestingly, whilst endogenous Dp mRNA is evenly 
distributed in the cytoplasm of the nurse cells and oocytes as demonstrated by in situ 
hybridisation (Cha et al., 2001), injection of Dp RNA into the nurse cell cytoplasm, was 
reported to disperse homogenously in the nurse cells without moving into the oocyte 
(Cha et al., 2001). Lastly, icr RNA was used as a negative control of the nurse cell 
injection assay, as it had been previously shown to accumulate in the nurse cells when 
ectopically expressed in midoogenesis (Bullock and Ish-Horowicz, 2001). Therefore, 
from these published data we would predict that injection of hb, dp and icr RNAs in the 
nurse cell cytoplasm would result in lack of transport into the oocyte. 
All three RNAs, when injected into stage 8-9 egg chambers show a homogenous 
distribution in the nurse cells, with minimal transport into the oocyte (Figure 6-3A-D, icr 
n=4, hb n=5, dp n=17). Thus, most of the injected kr,hb and dp RNA remain in the 
nurse cells. The low signal observed in the oocyte after 30-40min of injection, is evenly 
distributed as would be expected from unlocalised transcripts. Importantly, the putative 
ring canal accumulation frequently observed with injected grk (67% n=30) and bcd 
RNA (78% n=41) was rarely observed upon injection of hb (20%, n=5), icr (0%, n=4) 
and dp (0% n14) RNAs. Only three stage 7 egg chambers were successfully injected 
with dp RNA. As Figure 6-3C shows, no ring canal accumulation was observed, 









Nurse cell injected unlocalised RNAs do not 
accumulate at apparent ring canals 
20minj 	 30mini 	 60mm 
Figure 6-3 Nurse cell injected unlocalised RNAs do not accumulate at apparent ring canals 
(A, B, D, E) kr, hb, dp. lacZ RNAs after I 5mins of injection. All egg chambers are stage 8-9, 
except for (C) showing dp RNA injected in stage 7 egg chamber. In grey is bnghtfield 
showing nuclei and oocytc outline, pink shows injected RNA. Subsequent panels in black 
and white show correpsonding injected RNAs at different time intervals. Note the lack of 
apparent ring canal accumulation with any of the RNAs and minimal transport into the oocyte. 
Compare these to Figures 6-1 and 6-2 for injected grk and bcd RNAs respectively. 
Scale bar 40.tm 
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Lastly, an exogenous RNA, IacZ was injected into the nurse cell cytoplasm. Like hh, icr 
and dp RNAs, IacZ RNA distributes homogenously in the nurse cell cytoplasm, with no 
strong ring canal accumulation (0%, n=10) and minimal transport into the oocyte (Figure 
6-3E). 
Altogether these results validate the use of the RNA injection assay for the study of grk 
RNA nurse cell to oocyte transport. Moreover, the difference in apparent ring canal 
accumulation between localising and non-localising RNAs, suggests that bcd and grk 
RNAs are specifically transported into the oocyte. 
Nurse cell injected grk RNA forms particles that move in directed pat/is 
toward ring canals 
Low power time-lapse movies of nurse cell injected grk RNA show a directed 
movement toward a region predicted to be ring canals. This accumulation is suggestive 
of active transport, rather than diffusion. In order to confirm that accumulation of nurse 
cell injected grk and bcd RNA was at the ring canals, a strain of flies expressing Actin-
GFP protein was injected. 
Upon a few seconds of injection grk RNA forms particles that move in directed paths 
toward the ring canals at speeds indicative of active transport (-ium/sec) (Figure 6-4A-
A" and MOVIE 3). Movement of grk RNA toward ring canals results in an 
accumulation near this region, over the period of imaging (-- 3mm) (Figure 6-413). 
Therefore, we conclude that the previously observed accumulation at low power for 
injected grk RNA occurs proximal to ring canals. 
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toward ring canals 
RNA Particle Movement 	I 	Toward RC 
	
Through RC 
Avg speed, +1- St Error Mean 1.45 gm/sec, +1- 0.087 
	
0.25 IJm/sec, +1- 0.036 
negg chamber, particle N° 	n3, particles=14 n3, particles=7 
Figure 6-4 grk RNA particles move in directed paths toward ring canals (RC) 
(A-A") Time lapse movie of nurse cell injected grk RNA in Actin-GFP egg chamber (and 
MOVIE 3). Each panel corresponds to successive time points, at 5 second intervals. Arrows 
indicate two grk RNA particles moving on the same path toward ring canal connected to the 
oocyte. (B) grk RNA RC accumulation after -3 mins of injection. (C) grk RNA particle 
moving through RC shown as a trail, successive time points superimposed on each other 
(at 5 second intervals) Note the difference in distances between RNA particles moving 
through ring canal (C) and those moving toward ring canals (A-A)". Below is a table showing 
corresponding grk RNA particle statistics. In all panels, the oocyte is above ring canal and 
nurse cell cytoplasm below, red is grk RNA, green is actin-GFP. Scale bar 5p.m. 
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In some instances, grk RNA particle movement through ring canals could be detected 
(Figure 6-4C). As previously reported for cytoplasmic particle movement and Exu-GFP 
particles, the transport of grk RNA into the oocyte is unidirectional (Bohrmann and 
Biber, 1994; Theurkauf and Hazelrigg, 1998). Strikingly, the speed of grk RNA particle 
moving toward ring - canals (Figure 6-4A-A") is noticeably higher, -1im/sec (n=14), 
than that observed for RNA particles moving through ring canals (Figure 64C), 
-0.25.tm/sec (n=7). This is consistent with previously reported Exu-GFP particle 
speeds (Theurkauf and Hazelrigg, 1998). This difference in speeds of particles moving 
toward and through ring canals could suggest a difference in mechanism of transport. 
Alternatively, and most likely, the decrease in speed observed for particle moving 
through ring canals, might be a consequence of difference in viscosity in the two regions 
of the cytoplasm. 
Equivalent injections of bcd RNA yield similar results with bcd RNA particle movement 
toward ring canals, subsequent accumulation and passage through the ring canals into 
the oocyte (MOVIE 4). The similarity in grk and bcd RNA particle behaviour suggests 
a common mechanism of nurse cell to oocyte transport. 
Although covisualisation of GFP labelled ring canals and RNA provides an optimal 
method to directly study RNA particle movement toward ring canals, the minimum time 
resolution for RNA particle tracking of 5 seconds intervals is not optimal. In other 
words, to reliably follow the same RNA particle shorter time intervals must be used. 
Furthermore, subsequent imaging of uninjected Actin-GFP egg chambers revealed a 
previously undetected phenotype that is evident in longer time lapse movies (15mm-
1 hour). This is characterised by apparent anchoring defects of the oocyte nucleus, as 
indicated by its detachment from the oocyte membrane (personal observation, see 
Materials and Methods). Therefore, in subsequent comparative studies of RNA particle 
analysis, wt egg chambers were injected. The site of ring canals, although difficult to 
determine, was inferred from the movement of cytoplasm through an opening into the 
yolk filled oocyte. 
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To further characterise the nature of grk RNA movement into the oocyte, grk RNA 
particle behaviour was investigated in more detail. High power imaging, of 8 grk RNA 
injected egg chambers (stages 8-9) at one-second intervals revealed two kinds of grk 
RNA particle behaviour. Whilst a significant number of grk RNA particles move in 
directed paths at speeds suggestive of active transport (lum/sec, n=231), some remain 
stationary (MOVIE 5). To facilitate the understanding of grk RNA paths, consecutive 
time points for each of the movies were superimposed creating a trail (Figure 6-5A). 
Interestingly, the same RNA particle can exhibit both kinds of movement throughout the 
period of analysis. Therefore quantification of the proportion of directed vs stationary 
RNA particles is difficult to do as it varies with time, and between injections. 
Furthermore, the directionality of RNA particle movement observed appeared to vary 
depending on its proximity to ring canals. grk RNA particles close to ring canals, were 
observed moving toward these structures (n=5 1), whilst those further away either moved 
in what appear to be random directions following cytoplasmic streaming or moved out 
of focus (n=180) (Figure 6-5A). The entire path of an RNA particle is extremely 
difficult to follow due to technical limitations. At present, RNA particle imaging can 
only be done along one focal (z) plane. Acquisition of multiple z planes, to reconstruct 
in 3D the paths followed by RNA particles, results in a decrease of time resolution that 
makes RNA particle tracking unfeasible. Despite these technical limitations, we have 
observed a ring canal accumulation of grk RNA in 4/8 injected egg chambers. In these 4 
egg chambers a significant number of grk RNA particles moved in a directed manner 




grk RNA particle movement toward 
ring canals is specific 
Avg Speed +1- SEM 
0.98um/sec +1- 0.01 
Egg chambers8 (n231) 
Avg Speed +/-SEM 
0.93umlsec +1- 0.03 
Egg chambers15 (n=53) 
Figure 6-5 grk RNA particic mm cnienI toward ring canals is specific 
(A, B) Trails of grk RNA (and MOVIE 5) and lacZ RNA injections into OrR nurse cells. 
Schematic on the left represents site of injection, avg speed +I and standard error of the 
mean, number of egg chambers injected and in brackets total number of particles tracked for 
analysis. Trails shown at 1 sec interval (1 min duration). Red arrows indicate direction of 
RNA particle movement, dotted lines, show those particles which seem to follow nurse cell 
cytoplasmic streaming, and were thus not tracked for analysis. Scale bar 5tm 
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In order to test whether the directed movement toward ring canals was specific to grk 
and bcd RNA, unlocalised RNAs were examined at high power. hb RNA particle 
imaging was not successful due the inability to detect RNA particles. Two different 
RNA preparations were tested. On the other hand, lacZ RNA formed particles that 
could be tracked over the same period as grk and bcd RNA. Interestingly, the overall 
behaviour of lacZ RNA particles was different to that of grk RNA. Although lacZ RNA 
particles can move in directed paths, at speeds suggestive of active transport (1um/sec), 
their number is reduced compared to that of directed grk RNA particles (Figure 6-5B). 
Out of 15 lacZ injected egg chambers, 53 lacZ RNA particles could be tracked. This is 
in contrast to 231 tracked grk RNA particles from 8 injected egg chambers. Thus, on 
average, grk RNA is -8 times more likely to move in directed paths at speeds suggestive 
of active transport than lacZ RNA. These results are compatible with a stochastic model 
for RNA particle movement (Fusco et al., 2003). Interestingly some lacZ RNA particles 
were observed moving toward ring canals (n10). However, in agreement with the 
overall lower number of directed lacZ RNA particles, no ring canal accumulation was 
observed in any of the 15 injected egg chambers within 10 mins of injection. These 
RNA particle results therefore suggest that grk RNA displays a higher affinity for the 
motor machinery, than 1acZRNA and is thus more likely to be found in association with 
it. 
We conclude that the ring canal accumulation observed at low power imaging and at 
higher magnification for grk and bcd RNA is specific. Moreover, based on this RNA 
particle analysis, we speculate that upon export from the nurse cell nuclei, localising 
RNA particles such as grk and bcd, are actively transported to the ring canals, prior to 
their transport into the oocyte. This ring canal accumulation might constitute a rate 
limiting step in the transport of localising RNAs into the oocyte. 
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grk RNA nurse cell to oocyte transport is microtubule dependent 
Previous studies on the cytoskeletal element requirement for localised RNAs in 
oogenesis, demonstrated a microtubule dependence for bcd, osk, klO RNAs (Pokrywka 
and Stephenson, 1991; Pokrywka and Stephenson, 1995). Furthermore, the directed 
movement and speeds of grk and bcd RNA particles observed in our injection assay in 
stage 6-9 egg chambers, strongly suggest a microtubule dependence in nurse cell to 
oocyte transport. In order to test whether microtubules are required for grk RNA nurse 
cell to oocyte transport, colcemid, a microtubule inhibitor was coinjected with grk RNA. 
To visualise microtubule depolymerisation, Tau-GFP egg chambers were imaged. Tau 
is a microtubule associated protein used as a microtubule marker (Micldem et al., 1997). 
Due to the difficulty of injecting younger egg chambers, only stage 8-9 were tested. 
Colcemid treated egg chambers, in contrast to controls, show a disturbance in the 
microtubule integrity within 10-15 mins of injection (compare Figure 6-6A, C and E, G). 
Therefore, colcemid injections at these concentrations appear to efficiently depolymerise 
microtubules. Furthermore, colcemid treatment leads to a significant decrease in nurse 
cell cytoplasmic movement, as indicated by the lack of constant motion of the nurse cell 
nuclei observed in controls. 
Coinjection of colcemid and grk RNA results in the homogenous distribution of grk 
RNA in the nurse cells with no frequent ring canal accumulation (8% n=12) as is 
observed in controls (67% n=30) (compare Figure 6-6A' and C', Figure 6-6B' and D'). 
Moreover, transport of grk RNA seems to be reduced, as indicated by the low signal 
observed in the oocytes after one hour of injection (Figure 6-6C, D). This is in contrast 
to controls which show grk RNA localisation to the anterior and or dorso anterior corner 
of the oocyte (Figure 6A, B). These experiments therefore suggest that microtubules are 
required for grk RNA accumulation at the ring canals and subsequent transport and 
localisation within the oocyte. Injected bcd RNA, shows similar results to that of grk, 
with a lack of ring canal accumulation in colcemid treated egg chambers (0%, n=14) and 
little bcd RNA transport into the oocyte in all egg chambers (Fig6 G-H). This is 
consistent with previous results (Cha et al., 2001; Pokrywka and Stephenson, 1991; 
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Pokrywka and Stephenson, 1995). Therefore we conclude that the ring canal 
accumulation and subsequent transport and localisation of grk and bcd RNAs in the 
oocyte are microtubule dependent. 
In order to test whether microtubule requirement in nurse cell to oocyte transport is 
specific to localising RNAs, hb a non-localised transcript was tested. Nurse cell injected 
hb RNA results in the homogenous distribution in the nurse cell cytoplasm with little 
transport into the oocyte (Figure 6-61, J). Interestingly, coinjection of colcemid and hb 
RNA, leads to a marked reduction in transport to the oocyte (n=10) (Figure 6-6 K and 
L). This is indicated by the lower oocyte RNA signal observed in colcemid treated vs 
control egg chambers. The mechanism by which hb RNA is thus transported into the 
oocyte appear to be dependent on microtubules. Strikingly, however, no frequent ring 
canal accumulation has been observed. This could suggest that non-localising RNAs are 
transported into the oocyte along microtubules at levels undetectable by our current 
methods. Alternatively, microtubules might be indirectly required for passive transport 
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(A-H) Tau-GFP (green) egg chambers injected with (A-D) grk RNA (red) and (E-H) bcd 
RNA (red). Black and white panels show injected RNA only of corresponding time points. 
(A-B) grk control, (C-D) grk-colcemid coinjection. (E-F) bcd control and (G-H) 
bcd-colcemid coinjection. (I-L) wild type egg chambers (grey shows nuclei and oocyte 
outline) injected with hb RNA. (1-J) hb control, (K-L) hb-colcemid coinjections. All first 
panels on the left (A, C, E, 0, I, K) are 15min after injection, and those on the right 
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grk RNA nurse cell to oocyte transport is Dynein dependent 
The grk RNA particle speeds and microtubule dependence observed in nurse cell to 
oocyte transport allude to an active transport process mediated by a molecular motor. 
Since Dynein has been implicated in nurse cell to oocyte transport, we tested its role in 
the grk RNA transport into the oocyte. More importantly, grk mRNA localisation 
throughout oogenesis coincides with the minus ends of microtubules, thus Dynein is a 
likely candidate for its transport and localisation in the oocyte. Thus two experimental 
approaches were followed, dynein hypomorphic mutants and Dynein antibodies. 
To test the role of Dynein in grk RNA nurse cell to oocyte transport the previously 
mentioned allelelic combination was examined. The trans-heterozygote allelic 
combination dhc 61dhc 2 is viable, but female sterile (McGrail and Hays, 1997). The 
nature of the molecular lesions of each allele is currently unknown. Previous in situ 
hybridisation of dhc 61dhc 12 egg chambers has shown no grk mislocalisation 
phenotype as indicated by a correctly formed dorsal cap at stage 9 of oogenesis, and the 
subsequent lack of D-V polarity defects in the resulting eggs. We reasoned that by 
studying the mechanism of grk mRNA movement in living egg chambers, a subtle 
phenotype, previously undetected, might be revealed. To test this, dhc66/dhc'2 egg 
chambers of stages 6-9 were injected with grk RNA in the nurse cells and imaged over 
one hour. 
Notably, for all stages tested, grk RNA movement into the oocyte was affected in dhc6-
6/dhc6-12 mutants (Figure 6-7 A-D, and E-H; MOVIE 6) (stage 7 n=7, stage 8-9 n=7). 
Two main differences were observed in these mutants, in comparison to grk RNA 
injections into wt nurse cells. Firstly, the cytoplasmic movements as indicated by the 
streaming in the oocyte, and constant motion of nurse cell nuclei in wt nurse cell 
cytoplasm, was impaired in half of the egg chambers injected. Secondly, the efficiency 
of grk RNA transport into the oocyte appeared to be reduced (compare Figure 6-7B' and 
D' for stage 7 egg chambers, and Figurer 6-7F' and H' for stage 9). This is most evident 
by comparing equivalent time-lapse movies (MOVIE 1 and MOVIE 6). grk RNA 
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(A-B) and (E-F) wild type stage 7 and stage 8 egg chambers respectively, injected with grk 
RNA in the nurse cells. (C-D) and (0-H) dhc mutants stage 7 and stage 8 egg chambers 
respectively, injected with grk RNA in the nurse cells. Note the decrease in grk RNA 
transport and localisation in the oocyte in dhc mutants (compare (B') with (D') and (F') 
with (H')) (and MOVIE 6). Black and white panels indicate injected grk RNA only for 
corresponding adjacent panels. (A, B, C, D, E. F, G, H) Grey is brightfield showing nuclei 
and oocyte outline, pink shows injected grk RNA. 
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localisation in the oocyte was also less efficient when compared to injections in wt egg 
chambers. These results suggest a delay in grk RNA transport and localisation in dhc6 
1,,dhC6-12 mutants. 
In order to more rigorously test the role of Dynein, grk RNA particles movement was 
examined in dhc 6/dhc612 mutants. Consistent with the reduction in grk RNA transport 
into the oocyte observed at low power, grk RNA particle speed was affected (MOVIE 
7). A study of the fastest directed grk RNA particles in dhc 6/dhc'2 mutants reveals a 
reduction in the average speed (0.45 um/sec, n=8 egg chambers) when compared to the 
wt (0.98 urn/sec n=8 egg chambers) (Figure 6-8 A and B). The reduction in grk RNA 
particle speeds is evident with the analysis of particle trails in which consecutive time 
points of a movie are superimposed on each other. Thus, the distance between a 
representative grk RNA particle between consecutive time points is shorter in dhc6 
61dhC112 mutants (Figure 6-8A and B asterisk). This suggests an overall decrease in 
efficiency of grk RNA transport along microtubules. Therefore, the reduction in grk 
RNA transport into the oocyte and decrease in ,grk RNA particle speed observed in all 
tested stages of oogenesis, suggest a role for Dynein in this process. Unfortunately, due 
to time constraints, the role of Dynein in bcd RNA nurse cell to oocyte transport could 
not be tested. From the similarity in microtubule dependence, and RNA particle 




Dynein is required for efficient transport 
Avg Speed +/-SEM 
0.98u rn/sec +1- 0.01 
Egg charnbers8 (n231) 
Avg Speed +/-SEM 
0.45um/sec +1- 0.01 
Egg chambers8 (n183) 
Figure 6-8 grk RNA particle movement is slower in dhc mutants 
(A, B) Trails of grk RNA injected in wt and dhc mutant nurse cells. Schematic on the 
left represents site of injection, avg speed +1- and standard error of the mean, number of egg 
chambers injected and in brackets total number of particles tracked for analysis. Trails shown 
at I sec interval (0.5min duration). Red arrows indicate direction of RNA particle movement, 
dotted lines, show those particles which seem to follow nurse cell cytoplasmic streaming, and 
were thus not tracked for analysis. A decrease in speed of grk RNA particles in dhc mutants is 
observed by the differences in distance travelled (*) (and MOVIE 7). Scale bar 5.trn. 	
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Our results with grk RNA injections into dhc/dhc 2 mutants, suggest a defect in grk 
RNA kinetics of transport and localisation. We therefore wanted to investigate the 
distribution of endogenous grk mRNA at different stages of oogenesis. Interestingly, 
FISH carried out in these mutants, shows a marked reduction in grk mRNA signal in the 
oocyte when compared to posterior localised grk mRNA in wt oocytes (Figure 6-9A, B). 
This phenotype is evident at early stages of oogenesis 2-7 with no clear differences from 
stage 9 onward. At present it is difficult to determine the cause of this defect. It could 
result from a reduction in the transport of grk mRNA into the oocyte, leading to a 
weaker signal in the oocyte, and or, its localisation or anchoring efficiency in the oocyte. 
The latter would also lead to a more diffuse signal in the oocyte. Surprisingly, however, 
no detectable nurse cell retention of grk mRNA is observed in dhc66 'dhc 12 mutants. 
This would suggest a defect in grk mRNA localisation in the oocyte and or anchoring, 
rather than nurse cell to oocyte transport. Alternatively the dynamics and extent of grk 
mRNA transport might be too low for a phenotype in fixed tissue to be detected. The 
decrease in overall movement of grk mRNA into the oocyte, observed at low and high 
resolution with our injection assay, suggests Dynein is required for grk mRNA in nurse 
cell to oocyte transport. 
116 




Figure 6-9 Endogenous grk ,nRIVA localisation is affected in cihc mu/ants 
(A, B) FISH in wild type and (C, D) dhc mutant egg chambers. Entire ovariole with 
equivalent egg chamber stages shown in both panels. Black and white panels show grk RNA 
only. Arrow and arrowhead point to oocyte specific signal in stage 5 and stage 7 egg 
chambers respectively. Compare the difference in localised grk signal in wt egg chambers, to 
the diffuse grk RNA signal in the equivalent egg chambers. Also, note the lack of oocyte 
specific signal in younger egg chambers in dhc mutants. Young and old egg chambers to the 
left and righ respectively. grk RNA red, DNA cyan. Scale bar 40j.im. 
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In order to further test the role of Dynein in grk RNA nurse cell to oocyte transport, 
preliminary experiments were carried out with inhibitory antibodies. Dynein heavy 
chain and Dynein intermediate chain antibodies were coinjected in separate experiments 
with grk RNA into stage 8-9 nurse cells. Both antibodies lead to the disruption of grk 
RNA directed movement toward ring canals, and subsequent ring canal accumulation 
frequently observed in controls (grk RNA alone 67% n=30) (Figure 6-1A). In 21% 
(n=14) of anti-Dhc antibody injections, grk RNA loosely accumulates at areas that 
appear to be ring canals (Figure 6-10B). In the remaining of the egg chambers, grk 
RNA distributes evenly in the nurse cells cytoplasm. Anti-Dic antibody injections, 
results in the even distribution of grk RNA particles with no apparent ring canal 
accumulation in any one egg chamber (0% n=9) (Figure 6-1C). In contrast to controls, 
which show a localised grk signal anteriorly or near the oocyte nucleus, a low and 
evenly distributed signal is observed in the oocyte of Dynein antibody nurse cell 
injections (Figure lOB, Q. We suggest that this oocyte signal is the result of passive 
transport of grk RNA into the oocyte. The inhibition of grk RNA localisation in the 
oocyte is consistent with previous results obtained with a different anti-Dhc antibody 
(MacDougall et al., 2003). Furthermore injection of anti-HA antibody in the oocyte has 
no effect on grk RNA localisation, suggesting that the Dynein antibodies effects are 
specific (MacDougall et al., 2003). In order to confirm that these anti-Dhc and anti-Dic 
antibodies specifically inhibit grk active transport from the nurse cells into the oocyte, 
non-specific antibodies, such as anti-HA, should be coinjected with grk RNA directly 
into the nurse cells. Due to time constraints these experiments were not carried out. 
Although these results have not been fully confirmed, they are consistent with previous 
results, obtained with grk RNA injections and in situ hybridisation in dhct6/dhc&l2 
hypomorphic mutants. Thus we suggest that grk mRNA nurse cell to oocyte transport 
and localisation in the oocyte is Dynein mediated. 
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Figure 6-10 	Nurse cell injected Dhc and Dic antibodies 
disrupt grk RNA localisation in the oocyte 







Figure 6-10 Nurse cell injected Dhc and Dic antibodies disrupt grk RNA localisation in 
the oocvte 
(A, B, C) grk RNA alone, grk RNA and Dhc antibody, grk RNA and Die antibody coinjection 
respectively. Egg chambers outline shown in brightfield (grey), Injected grk RNA (pink) at 
20 mins of injection. Black and white panels show grk RNA only (white) at different times 
after injection, 20, 30, 60 mins respectively. Note the aparent ring canal accumulation in 
control at 20 mins and subsequent transport and localisation in the oocyte around the oocyte 
nucleus. Both (B) and (C), (Dhc and Die antibody coinjections) lead to the homogenous 
dispersal of grk RNA in nurse cell cytoplasm, with some transport into the oocyte and no 
localisation. The low signal observed at the oocyte cortex is characteristic of unlocalised 
transcripts. Scale bar 401.tm. 
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grk RNA specifically recruits BicD when injected in the nurse cells 
Egl and BicD are trans-acting factors previously shown to be involved in oocyte 
specification and nurse cell to oocyte transport, and in Dynein mediated localisation of 
pair rule transcripts in embryogenesis (Bullock and Ish-Horowicz, 2001; Mach and 
Lehmann, 1997; Suter and Steward, 1991; Swan and Suter, 1996). Moreover, pair rule 
transcripts and maternally expressed injected transcripts were demonstrated to recruit 
Egi and BicD in the embryo (Bullock and Ish-Horowicz, 2001). In order to investigate a 
putative role for BicD and Egi in grk RNA nurse cell to oocyte transport, recruitment 
experiments were carried out in egg chambers. Wild type living egg chambers were 
injected with biotinylated RNA, recovered after 1 5-20mins, fixed and subsequently 
stained for BicD protein. Detection of injected RNAs was via Alexa 568-488 
conjugated streptavidin. For all subsequent experiments mentioned below at least 3 egg 
chambers were examined. 
BicD and Egi proteins are enriched in the oocyte in a pattern similar to that of grk RNA 
(Mach and Lehmann, 1997) Figure 6-11 A". Both proteins however are ubiquitously 
present in the cytoplasm of the nurse cell and oocyte. Interestingly, injected grk RNA 
recruits BicD upon its accumulation at the ring canals (Figure .6-1lB-B").' Triple 
stainings with phalloidin to unequivocally detect the actin rich ring canals, were not 
carried out due to the unavailability of an appropriate third fluorochrome. This pattern 
of BicD enrichment in the nurse cell cytoplasm was absent in uninjected egg chambers 
(Figure 6-11 A"). Injected bcd RNA also results in recruitment of BicD at the sites of 
ring canal accumulation (Figure 6-1 IC-C"'). 
120 
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specifically 
Figure 6-11 Nurse cell injected grk RNA recruits l3icD specijicaTh 
(A-E) Stage 8-9 egg chambers injected with RNA (red), BicD protein (green), DNA (blue) 
(20x). White dotted frame represents area shown in following panels, RNA, BicD and 
Merged at lOOx. (A-A") Uninjected egg chamber, showing BicD localisation pattern around 
oocyte nucleus. (B-B") Injected grk RNA (B') and BleD (B") colocalise (arrows). 
(C-C ... ) Injected bcd RNA (C') and BleD (C") colocalise (arrows). (D-D") Control 
injection to test bleedthrough. Injected bcd RNA (D') shows no bleedthrough (D"). 
Injected lacZ forms particles that do not accumulate (E') and do not colocalise with BicD (E"). 
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To test that the colocalisation observed with both grk and bcd RNAs with BicD protein 
was due to a recruitment of BicD by the respective RNAs, and not, non-specific binding 
of the secondary antibody or bleed-through of the different channels, the following 
control was done. An injection of RNA and subsequent control antibody staining, 
lacking primary anti-BicD antibody was carried out. Therefore, the only signal observed 
in control stainings is the result of non-specific binding of the secondary antibody. 
Despite the strong signal resulting from injected bcd RNA accumulation (Figure 6-
lID'), no non-specific binding nor bleed-through is observed (Figure 6-1113"). 
Therefore, we conclude that colocalisation of BicD with grk and bcd RNA is a result of 
the recruitment of the protein by the respective RNAs. This colocalisation of grk and 
bcd RNA particles with BicD protein, suggest that BicD plays a role in the nurse cell to 
oocyte transport of the respective RNAs. Unfortunately, due to the difficulty of the 
technique, no double RNA injections and subsequent BicD stainings were done to test 
for the presence of grk and bcdRNAs in the same RNP particles. Due to time constrains 
and technical problems, EgI recruitment was only tested for injected bcd RNA. bcd 
RNA recruits Egi protein in a similar manner to BicD protein (data not shown). We 
predict that injected grk RNA will yield similar results. 
To further investigate whether BicD recruitment is specific to localised RNAs such as 
grk and bcd, IacZ RNA was injected in wt egg chambers and subsequently stained for 
BicD protein. Interestingly, lacZ forms particles in the nurse cell cytoplasm, but in 
contrast to grk and bcd RNA, no evident ring canal accumulation was observed (Figure 
6-11 E-E"'). More importantly, BicD antibody staining did not show colocalisation with 
lacZ RNA particles. The heterogenous distribution of IacZ RNA in the nurse cell 
cytoplasm is consistent with lacZ RNA particle tracking experiments that unlike grk 
RNA particles do not accumulate at the ring canals. Thus we suggest that IacZ, and by 
association, unlocalised transcripts do not recruit Egl and BicD. This lack of BicD 
recruitment by an unlocalised RNA therefore suggests a different mechanism of nurse 
cell to oocyte transport. Alternatively unlocalised RNAs might be actively transported 
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into the oocyte by a DyneinlEglfBicD process at undetectable levels when compared to 
that of grk and bcdRNAs. 
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CONCLUSIONS AND DISCUSSION 
An elegant recent study demonstrating that nurse cell produced grk mRNA is sufficient 
for axis determination of a Drosophila oocyte implies the existence of a mechanism for 
grk mRNA transport into the oocyte and subsequent localisation near the oocyte nucleus 
(Caceres and Nilson, 2005). Our results based on the injection assay, suggest a 
mechanism by which grk mRNA nurse cell to oocyte transport might occur. Although 
Caceres and Nilson's recent study identifies the site of grk mRNA transcription ; it does 
not address the unresolved question of the specific timing of this process. The onset of 
grk mRNA transcription can be inferred from the constitutive presence of oocyte 
localised grk mRNA from early oogenesis as shown by in situ hybridisation. However, 
it is unclear whether the localised oocyte specific grk mRNA observed at all stages of 
oogenesis, is the product of very early transcriptional activity and subsequent transport 
into the oocyte occurring prior to the injected stages in our assay. This model would 
require grk mRNA to be highly stable in order to be present and active throughout the 
long process of oogenesis. Alternatively, grk mRNA might be constitutively produced 
by the nurse cells and rapidly transported into the oocyte. The fact that injected grk 
RNA is able to be transported into the oocyte and localise in a manner similar to 
endogenous grk during stages 6-9 suggests that grk mRNA transport, takes place 
constitutively throughout oogenesi s. 
We propose that injected grk RNA transport into the oocyte and final localisation reflect 
the dynamics of endogenous grk mRNA for the following reasons. First, at all stages 
tested, nurse cell injected grk RNA transport into the oocyte is followed by a localisation 
to the oocyte nucleus similar to endogenous grk. Second, nurse cell injected grk 
localisation is affected in dynein hypomorphic mutants in a similar manner to 
endogenous grk. Third the movement and final localisation of grk transcript is specific 
as other nurse cell injected RNAs behave differently. Injected bcd RNA transport and 
localisation into the oocyte also reflects the final localisation pattern of endogenous bcd. 
Moreover, in contrast to injected grk, bcd transport and localisation to the oocyte 
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anterior margin is most efficient at later stages (9) of oogenesis. On the other hand, Un-
localised RNAs, such as dp, kr, or hb, lacZ are not actively transported into the oocyte, 
as indicated by a lack of detectable ring canal accumulation. Therefore, we conclude 
that the differences in nurse cell to oocyte transport observed between localised (grk, 
bcd) and unlocalised (dp, kr, hb) RNAs reflect the dynamics of the endogenous 
corresponding RNAs. 
The fact that grk RNA injected in the nurse cell cytoplasm is able to move into the 
oocyte and localise near the oocyte nucleus, like endogenous grk mRNA suggests that 
all trans-acting. factors necessary for grk RNA transport and localisation are present in 
the nurse cell cytoplasm. We therefore propose that trans-acting factors such as K10 and 
Sqd, required for grk mRNA localisation (Kelley, 1993; Wieschaus et al., 1978) (see 
Introduction) can be assembled with injected naked grk RNA in either nurse cell or 
oocyte cytoplasm. The sequence of trans-acting factors assembly into a grk RNP, 
however is unclear. Since sqd and K1O mutants do not- affect grk mRNA nurse cell to 
oocyte transport it is plausible that both of these trans-acting factors are assembled in the 
oocyte to mediate grk mRNA localisation. This would imply that neither of the proteins 
forms part of the transported grk RNP from the nurse cells into the oocyte. 
Alternatively, SqdS, which has been shown to accumulate in nurse cell and oocyte 
nuclei (Norvell et al., 1999), could associate with grk mRNA co-transcriptionally but 
play an essential role only in the oocyte cytoplasm upon its interaction with oocyte 
specific trans-acting factors such as K10. To distinguish between these models, studies 
investigating the temporal association of Sqd and K10 in either nurse cells or oocyte, 
such as recruitment experiments, could be done. 
To understand the mechanism by which grk RNA is transported into the oocyte, a series 
of experiments including the injection of grk RNA with a microtubule inhibitor, grk 
RNA into dhc hypomorphic mutants, and BicD recruitment experiments were carried 
out. Altogether our results suggest that grk RNA movement into the oocyte occurs by a 
microtubule and Dynein dependent transport to the ring canals, and subsequent transport 
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and localisation in the oocyte. The recruitment of BicD by ring canal accumulated grk 
RNA is consistent with previous studies showing a BicD recruitment of embryo injected 
grk RNA (Bullock and Ish-Horowicz, 2001). This further supports the idea of a 
conserved mechanism of localising transcripts in the oocyte and transport of localising 
mRNAs into the oocyte. We propose that upon export from the nurse cell nuclei grk 
RNA associates into a complex including BicD, probably Egl and SqdS/A, and other 
trans-acting factors presently unidentified, which are recognised by Dynein and 
transported along microtubules into the oocyte. 
Although the involvement of Dynein and BicD in nurse cell to oocyte transport has been 
previously proposed (Bullock and Ish-Horowicz, 2001; Swan et al., 1999; Swan and 
Suter, 1996) the results presented in this thesis provide the first direct evidence that 
Dynein and BicD mediate the transport of grk mRNA into the oocyte. Moreover, in the 
course of this thesis, new evidence demonstrating a role for Dynein motor in the 
localisation of bcd and grk mRNA in the oocyte emerged (Duncan and Warrior, 2002; 
Januschke et al., 2002; MacDougall et al., 2003). Neither of these studies, however, 
directly addresses the role of Dynein in grk RNA nurse cell to oocyte transport. In the 
former study p50-Dynamitin (Dmn) overexpression, an approach commonly used to 
disrupt Dynein function in Drosophila embryos (Sharp et al., 2000; Wilkie and Davis, 
2001; Wittmann and Hyman, 1999), was employed to dissect the role of Dynein in the 
localisation of key maternal transcripts in Drosophila midoogenesis (Duncan and 
Warrior, 2002; Januschke et al.). Females in which Dmn is overexpressed produce eggs 
with defects in dorsoventral polarity arising from mislocalised grk RNA and protein 
(Januschke et al., 2002). Interestingly, UAS-Dmn egg chambers, in contrast to bcd and 
osk mRNAs, do not show an accumulation of grk RNA in the nurse cells. Concominant 
with this accumulation of bcd and osk mRNA a number a UAS-Dmn egg chambers 
show a reduction in oocyte size, suggestive of a nurse cell to oocyte transport defect 
(Januschke et al., 2002). This small oocyte phenotype is similar to that observed in Lis-
1 and BicDm0m mutants, previously proposed to be involved in early nurse cell to oocyte 
transport (Bullock and Ish-Horowicz, 2001; Swan et al., 1999; Swan and Suter, 1996). 
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In the second study, described in the following chapter, oocyte injected grk RNA was 
shown to localise in two microtubule and Dynein mediated steps to the oocyte nucleus 
(MacDougall et al., 2003). 
Therefore, in support of this recently published work (Duncan and Warrior, 2002; 
Januschke et al., 2002; MacDougall et al., 2003), the results presented in this thesis, 
suggests that prior to its localisation in the oocyte, grk mRNA is transported into the 
oocyte by a similar Dynein mediated process. Interestingly, this evidence arises from 
studies of nurse cell injected grk RNA, in dhc hypomorphic mutants in which no grk 
mRNA localisation and D-V polarity defects were previously reported (McGrail and 
Hays, 1997). Our injection results showing a phenotype in the kinetics of grk RNA 
transport, prompted us to re examine the distribution of endogenous grk mRNA in dhc6 
egg chambers by TSA in situ hybridisation. Surprisingly, a phenotype 
characterised by a weak and diffuse oocyte grk mRNA specific signal, was observed in 
stages 1-8 of oogenesis. Interestingly, similarly to UAS-Dmn egg chambers, no 
detectable accumulation of grk mRNA in the nurse cell cytoplasm was observed in dhc& 
6/dhc612 Examination of bcd and osk RNA in these mutants was not done due to lack of 
time. However, unlike UAS-Dmn, Lisl and BicDmom  egg chambers, in which some 
oocytes are, reduced in size, suggestive of a nurse cell to oocyte transport, dhc 6/dhc 12  
egg chambers manifest normal sized oocytes. 
Consistent with published data (McGrail and Hays, 1997), we observe that from stage 9 
onward, grk mRNA localisation to the dorso anterior appears unaffected. The weak and 
diffuse grk mRNA signal observed in early dhc 6/dhc 12 egg chambers could arise as a 
result of grk mRNA nurse cell to oocyte transport, oocyte localisation, anchoring, and or 
grk RNA stability defects. To distinguish between these possibilities by quantification 
of oocyte specific signal in the wt and dhc mutants is difficult. Nevertheless, by 
examining the movement of grk RNA in these mutants a phenotype in the entire 
transport from the nurse cells to its localisation in the oocyte was revealed. We thus 
propose, that although by in situ hybridisation we cannot detect nurse cell accumulated 
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grk RNA, both the nurse cell to oocyte transport and oocyte localisation steps are 
affected in dhc 61dhc 12. This would suggest that Dynein mediates the entire path of 
grk mRNA transport to the oocyte nucleus. 
The nature of the dhc 6/dhc 12 molecular lesions and the underlying cause of resulting 
female sterility in dhc61dhc6I2  egg chambers is unknown. Despite the lack of grk 
mRNA localisation phenotype and subsequent D-V polarity defects in dhc6-6/dhc12, 
Hays et al, report a noticeable reduction of kin-B-gal staining, a microtubule plus end 
indicator and a mislocalisation of Dynein protein. Interestingly, the phenotypic 
characteristics of a reduced kin-B-gal staining at the posterior of the oocyte. is also 
observed in Lis-] E415  mutants. Moreover, in agreement with the early Dynein role in grk 
mRNA localisation suggested by grk mRNA in situs in dhc 6/dhc6 ' 2 mutants, the 
localisation of Par-1, involved in oocyte specification has been shown to be affected in 
region 3 of the germarium of dhc 61dhc6 ' 2 (Vaccari and Ephrussi, 2002). The 
interdependence between, Dynein, microtubules and Lisi makes the understanding of 
specific function of each trans-acting factor difficult to interpret. Our in vivo injection 
assay provides a clue as to how an inefficient Dynein motor might lead to the defective 
transport of RNAs. To elucidate the molecular lesion leading to inefficient transport of 
grk RNA in dhc 61dhc 12 egg chambers, the dhc 6 and dhc 12 alleles could be 
sequenced. 
Since Dynein has been implicated in the transport of organelles in other cells this raises 
the possibility that proteins and organelles might be co-transported together with 
mRNAs such as bcd and grk into the oocyte. This idea is supported by studies 
demonstrating that nurse cell to oocyte transport is noticeably affected in UAS-Dmn and 
Lis"' egg chambers as indicated by their strikingly small oocytes. To investigate this, a 
similar approach to that used for transport of grk RNA could be followed by examining 
the nurse cell to oocyte transport of organelles (tagged to GFP) in living egg chambers. 
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Although we have proposed that grk mRNA nurse cell to oocyte transport and 
localisation in the oocyte is Dynein mediated, the precise mechanism by which RNA 
particles move through ring canals remains unclear from the experiments performed in 
this thesis. This is due to the difficulty of following grkRNA particles through the ring 
canals. Previously in vivo analysis of Exu-GFP particles, suggestive of bcd RNA 
transport, indicated that movement through the ring canals was microtubules and actin 
independent (Theurkauf and Hazelrigg, 1998). Intriguingly, colchicine treatment of 
these egg chambers led to an increase in the speed of Exu-GFP particle movement 
through the ring canals. Consequently, it has been proposed that microtubules, rather 
than being required for transport through the ring canals, provide a physical hindrance to 
the passage into the oocyte. Since the speeds observed for grk RNA particles moving 
through ring canals (Figure 6-4) are consistent with those published by Theurkauf and 
Hazelrigg, 1998, for Exu-GFP particles, this could suggest that grk RNA movement 
through the ring canals is microtubule independent. Thus, grk RNA movement to the 
oocyte, could be mediated by two microtubule and Dynein dependent steps, including 
transport toward the ring canals and localisation in the oocyte, and a third, intermediate 
microtubule and Dynein independent step involving the passage through ring canals. 
Our colcemid results, showing a marked reduction in all cytoplasmic movement and grk 
RNA signal in the oocyte do not specifically address microtubule dependence at the ring 
canals due to the low resolution used (20x). An alternative interpretation to the results 
obtained by Theurkauf and Hazelrigg is that the increase in the speed of Exu-GFP 
particles moving through ring canals in colchicine treated egg chambers, arises as result 
of incomplete depolymerisation of microtubules at this region. A minority of coichicine 
resistant microtubules might mediate nurse cell to oocyte transport in colchicine treated 
egg chambers. The resulting reduction in density of microtubule network would pose 
less physical hindrance to the transport of RNA particles through ring canals leading to 
an increase in speed of Exu-GFP particles. In agreement with this model, nurse cell 
injected grk and bcd RNAs show recruitment of BicD protein, whilst in apparent transit 
through the ring canals (Figure 6-11). Moreover, visualisation of Tau-GFP egg 
chambers shows bundling of microtubules at apparent ring canals, as judged by 
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accumulation of injected grk and bcd RNA at these regions (Figure 6-6 and data not 
shown)(Moon and Hazelrigg, 2004). We therefore suggest, that, although not directly 
tested by our studies, grk RNA transport through the ring canals is microtubule, Dynein 
and BicD dependent. 
In contrast to grk and bcd RNA, nurse cell injected unlocalised RNAs, including those 
expressed in midoogenesis, hb and dp, do not appear to accumulate at the ring canals, 
and the vast proportion of the RNA remains in the nurse cells.. However minimal 
transport into the oocyte is observed despite the lack of detectable ring canal 
accumulation. This is in contrast to results obtained by Cha et al, which showed no 
movement of dp RNA into the oocyte. The discrepancy might be due to experimental 
differences, including the shorter periods of imaging in their experiments. Our data, 
therefore suggests that maternally expressed non-localising RNAs, are not transported 
into the oocyte by Dynein mediated transport, but rather, follow bulk microtubule 
dependent cytoplasmic flow into the oocyte. As the egg chamber is crowded with 
macromolecules, diffusion into the oocyte is restricted (Luby-Phelps, 2000), hence the 
apparent inefficient transport of unlocalised RNAs into the oocyte. The model of a 
restricted passive flow of cytoplasm into the oocyte, is supported by injection of 
Rhodamine beads (40nm) into the nurse cell cytoplasm which leads to minimal but 
detectable accumulation in the oocyte within 30 mins of injection (data not shown, n=3), 
without any evident ring canal accumulation. This model is compatible with results 
demonstrating the accumulation of ectopically expressed zygotic transcripts (7r) in the 
nurse cell cytoplasm as indicated by in situ hybridisation (Bullock and Ish-Horowicz, 
2001). We propose that throughout oogenesis, Dynein, a saturable component, 
transports crucial mRNAs for axis specification into the oocyte, whilst all other mRNAs, 
passively and less efficiently move into the oocyte resulting in a progressive 
accumulation in the nurse cell cytoplasm. 
We propose the following model, mRNAs crucial for axes specification and microtubule 
organisation in the oocyte, upon export from the nurse cell nuclei, associate into BicD 
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and possibly Egl complexes that are transported along microtubules by the Dynein 
motor. Other RNAs are not competent to form Dynein transported RNPs complexes due 
to their secondary/tertiary structures and thus remain in the nurse cells as a consequence 
of restricted flow into the oocyte. Interestingly, lacZ RNA particle analysis suggest that 
all RNAs, regardless of their sequence and thus secondary/tertiary structure, have the 
capacity to be transported, but at a lower frequency than grk and bcd RNAs particles. 
Of course we cannot fully exclude the possibility that the results of lacZ RNA particle 
movement are a consequence of un-physiological conditions, including high numbers of 
RNAs that compete with endogenous transported mRNAs. Two lines of evidence 
suggest this is not the case. Firstly, nurse cell injection of grk RNA into grk RNA null 
(grIc2' 6) egg chambers did not show an increase in efficiency of nurse cell to oocyte 
transport, nor localisation (data not shown). Secondly, competition experiments carried 
out in the oocyte to saturate the localisation machinery for grk RNA, demonstrate that 
significantly higher concentrations of grk RNA have to be injected, than those 
commonly used for this assay (Van De Bor et al., 2005):  Although we do not know for 
certain whether the processes of nurse cell to oocyte transport, and localisation in the 
oocyte are mechanistically identical, these competitions experiments (Van De Bor et al., 
2005) suggest that the Dynein transport machinery is in excess of its cargoes. 
Altogether our RNA particle analysis is consistent with recent studies demonstrating a 
probabilistic movement of mRNAs in mammalian cells (Fusco et al., 2003). Our results 
suggest that specific cis-acting sequences in bcd and grk mRNAs facilitate the 
association with the Dynein motor resulting in a higher frequency of directed nurse cell 
to oocyte transport than that observed for lacZ RNA. To test this, comparative studies 
between nurse cell injected full length grk, and a grk transcript, lacking its minimal 
localisation element, recently shown to be sufficient for nurse cell to oocyte transport 
and localisation (Van De Bor et al., 2005), could be carried out. We suggest that this 
mechanism applies to other transcripts required for axis specification, including Kb, 
and osk mRNAs. The future challenge lies in elucidating the composition of transported 
RNPs into the oocyte, including the possibility that different RNAs might be 
cotransported into the oocyte along with other cargoes. 
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LOCALISATION IN THE OOCYTE 
INTRODUCTION 
grk mRNA localisation in Drosophila oogenesis plays a key role in the establishment of 
body axes by restricting the Grk-transforming growth factor-a (TGF-a) signal to 
particular groups of overlying follicle cells (See Introduction) (Gonzalez-Reyes et al 
1995; Neuman- Silberberg and Schupbach, 1993; Roth et al., 1995a). A number of trans-
acting factors have been suggested to play a direct role in grk mRNA localisation to the 
dorso-anterior corner. Mutations in sqd and K1O both result in the dorsalisation of the 
embryo caused by the mislocalisation of grk mRNA and protein at the entire anterior 
cortex of the oocyte (Kelley, 1993; Wieschaus et al., 1978). Thus Sqd and K10 play a 
role in the restriction of grk mRNA to the dorsal cap. Mapping studies of the cis-acting 
sequences required for grk mRNA localisation have shown that unlike other localised 
RNAs, grk localisation elements are dispersed throughout the transcript. Sequences in 
the 5'UTR appear to be responsible for localisation of grk mRNA in late oogenesis 
(Saunders and Cohen, 1999), whilst signals in the ORF are essential for later localisation 
and those in the 3 'UTR are required for complete localisation to the dorsoanterior corner 
(Thio et al., 2000). More recently a 64 nt element in the grk ORF has been shown to be 
132 
Chapter 7 	 Mechanism of grk mRNA localisation in the oocyte 
required and sufficient for localisation of a heterelogous sequence to the dorsoantenor 
corner (Van De Bor et al., 2005). The mechanism by which a putative SqdJKlO 
complex interacts with specific localising elements in the grk mRNA remains to be 
elucidated. 
grk mRNA localisation depends on microtubules (MT) (Saunders and Cohen, 1999) and 
MT polarity as indicated by mutations in genes that disrupt the MT organisation in the 
oocyte including merlin, pka, mago nashi, maelstrom, and pan (Clegg et al., 1997; Lane 
and Kalderon, 1994; MacDougall et al., 2001; Newmark et al., 1997; Shulman et al., 
2000; Tomancak et al., 2000). Since grk mRNA localisation coincides with the minus 
ends of MTs throughout oogenesis, the minus end directed MT motor Dynein, has been 
proposed to mediate grk mRNA localisation. At the onset of this thesis the mechanism 
by which grk mRNA localised in the oocyte was unknown. During the course of the 
thesis, however, a number of papers were published that suggested a role for MT motor 
proteins in grk mRNA localisation. Overexpression of p50/Dynamitin, a subunit of the 
Dynactin complex that is required for Dynein processivity (King and Schroer, 2000) 
disrupts grk mRNA localisation (Duncan and Warrior, 2002; Januschke et al., 2002). In 
addition, a null allele of a the kinesin heavy chain (k/ic) gene was shown to lead to grk 
mRNA mislocalisation along the anterior cortex with little or no detectable Grk protein 
resulting in ventralisation defects in the embryo (Brendza et al., 2002). Thus grk mRNA 
localisation appears to be dependent on both Dynein and Kinesinl. The mechanism by 
which Kinesin mediates grk mRNA localisation is currently unclear. Since Kinesin has 
been shown to be required for Dynein enrichment at the posterior of the oocyte, it has 
been proposed that grk mRNA mislocalisation in k/ic mutants is an indirect consequence 
of Dynein mislocalisation (Brendza et al., 2002). To directly test the role of MT motors 
in grk mRNA localisation an in vivo injection assay previously described in Chapter 5 
was utilised. 
grk mRNA localisation in the oocyte was established to be an active transport process, 
dependent on MTs and Dynein (MacDougall et al., 2003) as previously suggested by 
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p50-Dynamitin overexpression studies (Duncan and Warrior, 2002; Januschke et al., 
2002). To test motor dependence, MT inhibitors, Dynein antibodies, to inhibit Dynein 
function, and dynein hypomorphic alleles to partially impair Dynein function, were used 
(MacDougall et at., 2003). In summary, grk RNA was injected into Drosophila oocytes, 
and followed over the period of one hour. Strikingly, the localisation pattern of injected 
grk RNA is very similar to that of endogenous grk mRNA and is specific to grk, as other 
unlocalised RNAs show a homogenous distribution upon injection into the oocyte 
cytoplasm (MacDougall et al., 2003). Injected grk RNA first accumulates anteriorly, 
consistent with an anterior accumulation observed with endogenous grk mRNA at stage 
8 of oogenesis (Neuman-Silberberg and SchUpbach, 1993), and subsequently moves to 
the dorso-anterior corner accumulating around the oocyte nucleus (MacDougall et al., 
2003). The fact that injected grk RNA accumulates anterior first, and then dorso-
anteriorly around the oocyte nucleus, suggests that the dorso-anterior accumulation 
observed with endogenous grk mRNA is not due to grk mRNA degradation in the 
ventral region of the oocyte as previously suggested by Saunders et al (Saunders and 
Cohen, 1999). Instead grk mRNA accumulation at the dorso-anterior corner of the 
oocyte appears to result from the progressive accumulation of grk mRNA near the 
oocyte nucleus. To directly investigate the apparent biphasic movement of grk mRNA 
localisation observed at low power imaging we followed the path of grk RNA particles 
at high magnification. Together with Nina MacDougall we carried out a series of 
injections in different regions of the oocyte and tracked grk RNA particles in living egg 
chambers. Studies of the MT network, their polarity and further trans-acting factors 
suggested to link .mRNAs to molecular motors, (Bullock and Ish-Horowicz, 2001) were 
also carried out. 
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RESULTS 
Injected grk RNA assembles into particles 
In order to test whether the apparent two step localisation revealed by injected grk RNA 
at low power is due to movement of grk RNA particles in two steps, first to the anterior 
and then to the dorsoanterior corner, high resolution imaging was carried out at lOOx. 
The work carried out on grk RNA particle tracking was done together with Nina 
MacDougall (MacDougall et al., 200 3) Due to technical limitations, it proved too 
difficult to track the entire trajectory of single RNA particles. Single RNA particle 
movement could only be followed by imaging in one focal plane thus restricting the 
analysis of RNA particles to that specific section. Nevertheless, an overall path of grk 
RNA trajectory was constructed by capturing fragments of the entire localisation process 
in short movies and at different sites in the oocyte cytoplasm. The overall trajectory was 
then interpreted from the various movies acquired. 
grk RNA particles could be rapidly visualised upon injection into the oocyte cytoplasm. 
There was, however, a degree of variability in the extent of particle formation. In some 
injected oocytes, grk RNA particles could not be detected. We speculate this is due to 
differences in the viability of each cultured egg chamber, amount of RNA and how 
concentrated it was within the injected region. We have found that higher 
concentrations of RNA facilitate particle formation. On average, 300 seconds (5mm) 
movies were captured at one-second intervals. This was the optimal length of the movie 
since longer exposure to excitation light tended to result in photo-damage and a 
disruption in the localisation process. 27% of grk RNA particles moved in directed 
ways, 42% moved into different focal planes and could thus not be tracked, and the 
remaining 31% did not move substantial distances during the period of observation 
(particles n=265). Therefore the proportion of directed particles that were subsequently 
examined for directionality was 27%. Interestingly, this value is lower than that 
previously observed for pair rule RNA particles in blastoderm embryos (Wilkie and 
Davis, 2001). Furthermore, the overall directionality of grk RNA particle motility 
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observed in oocytes is less well-defined when compared to apical RNA particle 
movement in embryos (Wilkie and Davis, 2001). This difference in apparent 
directionality may arise from differences in the MT network, between oocytes and 
syncytial blastoderm embryos (Wilkie and Davis, 2001). 
Average grk RNA particle speeds in the oocyte were 0.25um ± 0.013 tm/sec with 
maximum speeds of 1.25 pm/sec. Interestingly, this average speed is approximately half 
of those observed in embryos (Wilkie and Davis, 2001). This is probably due to the 
lower proportion of moving particles in the oocyte, per unit time, as indicated by their 
more frequent pauses. Nevertheless grk RNA particles speed is indicative of active 
transport and further supports our evidence on Dynein dependence observed for grk 
mRNA localisation at 20x (MacDougall et al., 2003). 
grk RNA particles move anteriorly and dorsoanteriorly toward the oocyte 
nucleus 
In order to further study the movement of grk RNA particles and reconstruct the entire 
path of grk RNA localisation, several short movies were captured at different oocyte 
sites. Since the entire trajectory of a single RNA particle could not be followed, three 
different kinds of injection experiments were carried out. The top panel of Figure 7-1 
depicts grk RNA injection into the centre of the oocyte (Figure 7-1A) and immediate 
tracking of particles (Figure 7-1B). As the direction of the arrows (Figure 7-1B and C) 
and the schematic circle show (Figure 7-1J) most grk RNA particles move anteriorly. 
This is consistent with the anterior accumulation observed at lower power. In the second 
panel (Figure 7- ID-F) grk RNA was injected in the middle of the oocyte, but allowed to 
partially localise anteriorly, before tracking at the anterior of the oocyte (done by Nina 
MacDougall). Some grk RNA particles turn dorsally towards the oocyte nucleus (Figure 
7-1E and F). These turning particles were extremely difficult to image, as their biphasic 
movement had to take place within the single focal plane studied. Finally, a third type 
of experiment involved the injection (Figure 7-1G) and immediate imaging of grk RNA 
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near the oocyte nucleus (Figure 7-1H and I). In such experiments the egg chamber was 
rotated by 90 degrees with the dorso anterior corner and nucleus nearest to the objective 
lens. Interestingly, most grk RNA particles move in a radial fashion towards the oocyte 
nucleus (Figure 7-111 and MOVIE 8). This directionality is represented by schematic 
circle L (Figure 7- IL) showing an accumulation of grk RNA particles toward the oocyte 
nucleus. All three injection experiments are consistent with an anterior accumulation 
and dorso-anterior enrichment of grk RNA observed at lower power. Each schematic 
circle represents the overall directionality of each particle, measured as a vector (last 
coordinate minus first coordinate) with respect to the axes of the oocyte. A,D,P,V thus 
represent anterior, dorsal, posterior and ventral, O.N. indicates oocyte nucleus. 
In order to test whether the dorso anterior movement of grk RNA particles observed at 
high power was specific, sqd mutant oocytes were injected. grk mRNA requires Sqd for 
correct localisation to the dorso-anterior corner (Kelley 1993). In the absence of Sqd, 
grk mRNA remains at the anterior of the oocyte (Kelley 1993). Injection of grk RNA 
into sqd mutants, shows an anterior accumulation in most oocytes, when compared to 
the fully localised grk in wt egg chambers (Figure 2C of (MacDougall et al., 2003)). 
Analysis at high power, shows grk RNA particle movement toward the anterior of the 
oocyte rather than a bias toward the oocyte nucleus, as previously seen for wt oocytes 
(Figure 7-1K, L, and MacDougall et al., 2003). grk RNA particles in sqd mutants do not 
accumulate around the dorso anterior corner (Figure 7-1 M). Due to technical difficulty, 
only two sqd mutant oocytes were injected. One was injected in the centre of the oocyte 
and immediately imaged, in a similar manner to that depicted in Figure 7-IA; the other 
was injected similarly to that shown in Figure 7-1G. The data obtained with grk RNA 
injections into sqd mutants at high power is consistent with the anterior accumulation 
observed at 20x (MacDougall et al., 2003). We thus conclude that grk RNA particles 
require Sqd to carry out the second step of localisation, from the anterior to the dorso-
anterior corner. Moreover, we suggest that endogenous grk mRNA localises as particles 
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Figure 7-1 Tracking grk RNA particles 
(A-C) Tracks of grk RNA particles imaged immediately after injection into the middle of the 
oocyte, (D-F) Tracks of grk RNA particles imaged after 30min of injection into the centre of 
the oocyte, (G-H) Tracks of grk RNA particles imaged immediately after injection close to 
the oocyte nucleus (and MOVIE 8). (A, D, G) Diagram showing site of injection. (B, E, H) 
Tracks of grk RNA particles, and (C. F, I) corresponding enlarged subregions. (J-L) Diagrams 
showing the direction of movement of tracked RNA particles corresponding to the three kind 
of injections (A-C) anterior particles, (D-F) lateral particles, (G-I) particles towards the 
nucleus. (M) Comparison of the direction of movement of grk RNA particles in wt (red) 
and sqd (blue) mutant oocytes. 
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Examining the microtubule network in the oocyte 
Previous inhibitory experiments suggested that grk RNA localisation was MT and 
Dynein dependent (MacDougall et al., 2003). We thus investigated whether the MT 
distribution in the oocyte was consistent with the path delineated by grk RNA particles. 
To this end, Tau-GFP oocytes were examined. Tau is a MT-associated protein shown to 
decorate MTs in living Drosophila embryos and larvae (Brand, 1995). In order to 
improve the imaging of MTs previously shown by (Januschke et al., 2002 1  Mickiem et 
al., 1997), egg chambers were flattened with a thin coverslip, and examined live at high 
power. Tau-GFP egg chambers show a convoluted array of MTs at the anterior of the 
oocyte (Figure 7-2A and B). Optical sections through the oocyte nucleus (Figure 7-2C-
E) reveal a basket of MTs in close proximity to the nucleus. This MT network could 
provide the tracks along which grk RNA particles move radially toward the oocyte 
nucleus as seen in Figure 7-1I. 
To test whether the Dynein dependence of grk mRNA localisation correlates with the 
position of MTs minus ends, previously shown to be concentrated at the anterior of the 
oocyte from stage 8 of oogenesis, Nod-IacZ egg chambers were examined (MacDougall 
et al 2003). MT minus ends have been previously visualised with Nod-lacZ, a putative 
MT minus end marker (Clark et al., 1997), and Centrosomin, a centrosome component 
(Brendza et al., 2000b). Histochemical X-gal detection had previously revealed an 
anterior accumulation of Nod in the oocyte. In addition to the previously reported Nod 
localisation at the anterior of the oocyte, immunonodetection of Nod with an anti-lacZ 
antibody revealed an enrichment of Nod protein around the oocyte nucleus (done by 
Nina MacDougall, Figure 7-217). The localisation of Nod around the oocyte nucleus is 
thus consistent with the final destination of grk mRNA (MacDougall et al., 2003). 
Furthermore, the anterior enrichment of Nod-lacZ in the oocyte correlates with the first 
step of grk RNA localisation. In order to further examine the distinction between grk 
RNA and Nod-lacZ distribution, the Nod-iacZ marker was crossed into the sqd mutant 
background (See Materials and Methods). Interestingly, in contrast to grk mRNA, 
which is mislocalised in sqd mutants to the anterior of the oocyte, Nod-lacZ distribution 
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was indistinguishable from that in wt oocytes (Figure 7-2E). 	Therefore, Nod 
localisation is independent of Sqd. Furthermore, we conclude that grk mRNA 
mislocalisation phenotype in sqd mutants is not due to an indirect effect of Sqd on the 
MT network. Instead, Sqd appears to be directly involved in facilitating the second step 
of grk RNA dorso-anterior movement. 
Testing the role of EgI in grk mRNA localisation in the oocyte 
In oogenesis EgI and BicD form complexes together and colocalise at the minus ends of 
MTs (Mach and Lehmann, 1997; Oh and Steward, 2001). Both proteins are required for 
oocyte specification and accumulation of specific mRNAs in oogenesis (Mach and 
Lehmann, 1997, Mohler and Wieschaus, 1986; Ran et al., 1994; Schupbach and 
Wieschaus, 1991; Suter and Steward, 1991; Theurkauf et al., 1993). More recently, 
BicD and EgI have been shown to play a role in the localisaiton of pair rule and maternal 
transcripts injected in blastoderm embryos (Bullock and Ish-Horowicz, 200 1)(for more 
details refer to Introduction of Chapter 6). In order to test a putative role for EgI in grk 
mRNA localisation, an Egl antibody was coinjected with grk RNA into stage 8-9 
oocytes (n=7). This EgI antibody had been previously shown to inhibit apical 
localisation of pair rule transcripts in the blastoderm embryo (Bullock and Ish-
Horowicz, 2001). Coinjection of Egl antibody and grk RNA in the oocyte inhibits grk 
RNA localisation to the dorso-anterior corner, resulting in a homogenous distribution of 
grk RNA throughout the oocyte (0% localisation, n=7) (Figure 7-3C, D). This effect is 
specific to EgI antibody, as coinjection with an anti-HA Ab (Nina MacDougall 73% 
localisation, n=1 1) does not affect grk mRNA localisation. Inhibitory studies such as 
this, and the fact that Egl localisation is similar to that of grk mRNA throughout 
oogenesis (Mach and Lehmann, 1997; Neuman-Silberberg and Schupbach, 1993; Oh 
and Steward, 2001) and Figure 7-3E, F, suggest an Egl involvement in grk mRNA 
localisation in the oocyte. Unfortunately, testing the role for Bic-D in grk mRNA 
localisation could not be conclusively determined as the antibody aliquot available was 






Figure 7-2 Examining the microtubule network in the oocyte 
Figure 7-2 Examining the microtubule network in the oocyte 
(A-E) Tau-GFP oocytes. (A.B) Anterior to posterior gradient of microtubule (MI) network in the 
oocyte. (A) Oocyte nucleus at the dorsoanterior corner, (B) Section through the middle of another 
oocyte, with oocyte nucleus in a different focal plane. Arrowhead in (A) and arrows in (B) point to 
putative MT tracks. (C-E) MT network found around the oocyte nucleus (dorsal pointing out of the 
page), sections through the oocyte nucleus, from (C) above to (E) the centre of the oocyte nucleus. 
(F, G) Nod-lacZ distribution in (F) OrR oocytes (in red), and in (G) sqd mutant oocytes (in green). 
In (F), green is actin, cyan is DNA. In (G) blue is DNA. (H) Model for the organisation of MTs in 
the oocyte. Four classes of MTs are drawn in red, blue, green and yellow. Green MTs have their plus 
ends at the posterior and minus ends all over the anterior; another subset of MTs nucleate from the oocyte 
nucleus. We propose grk RNA localises anteriorly and dorso-anteriorly along green and red MTs 









Figure 7-3 	Testing the role of Egi in grk mRNA localisation 
Figure 7-3 Testing the role of Egi in grk mRNA localisation 
(A-B) grk RNA, (C-D) grk RNA and Egi antibody coinjection. Note that in the presence of 
Egi antibody. grk RNA does not accumulate around the oocyte nucleus. (E, F) Egi protein 
distribution in stage 6 and stage 9 oocytes is strikingly similar to the localisation of 
endogenous and injected grk mRNA in equivalent stages. See Figure 6-I for comparison of 
endogenous and injected grk mRNA. In (E, F) panels, green is DNA, red is Egi protein. 
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CONCLUSIONS AND DISCUSSION 
We conclude that grk mRNA localisation involves a biphasic process, movement toward 
the anterior of the oocyte and subsequent dorso-anterior accumulation near the oocyte 
nucleus. Both steps are MT and Dynein dependent (MacDougall et al., 2003); These 
conclusions are drawn from experiments using injected grk RNA. We propose that 
endogenous grk mRNA localises by a similar mechanism as injected grk RNA for the 
following reasons. First, injected and endogenous grk RNA localise to the oocyte 
nucleus in a similar manner (MacDougall et al., 2003). Second, the injection assay is 
specific as unlocalised RNAs (hb and mutant K1O) are distributed homogenously in the 
oocyte cytoplasm, and injected grk RNA localisation in sqd mutants resembles that of 
endogenous grk mRNA (MacDougall et al., 2003). Thirdly, endogenous grk mRNA 
localisation has been recently suggested to be Dynein dependent by the overexpression 
of p50-Dynamitin (Dmn) (Duncan and Warrior, 2002; Januschke et al., 2002). 
grk mRNA localisation has been shown to be Dynein dependent by a number of 
approaches: examination of grk mRNA localisation in oocytes overexpressing p50-
Dynamitin (Duncan and Warrior, 2002; Januschke et al., 2002) and direct visualisation 
of injected grk RNA in dhc hypomorphic mutants (MacDougall et al., 2003)(Chapter 6). 
In addition, grk mRNA localisation requires the plus-end directed microtubule motor 
Kinesin (Brendza et al., 2002). Despite the opposite directionality of these motor 
proteins several studies suggest that Dynein and Kinesin might function together in 
cargo transport. For instance, in Glued (a component of Dynactin) and dhc mutants, 
lipid droplet transport toward MT plus ends in the embryo is severely affected (Gross et 
al., 2002). In the Drosophila oocyte, both Kinesin and Dynein are enriched at the 
posterior of stage 9-10 oocytes. In khc null germ line clones (Brendza et al., 2002), and 
Dmn overexpressing oocytes (Duncan and Warrior, 2002), the localisation of Dynein 
and Kinesin respectively, is perturbed. This suggests that Kinesin and Dynein are 
required for each other's transport. The mechanism however, by which both motors 
interact and regulate plus and minus end directed transport is unclear. To clarify 
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whether Kinesin is indirectly required for grk mRNA localisation due to its putative role 
in recycling Dynein to the posterior of the oocyte, khc null germ line clones could be 
injected with grk RNA and examined at high power for any defects in transport similar 
to those observed in dhc hypomorphic mutants. 
Injected grk RNA assembles into particles that move anteriorly and dorso-anteriorly 
toward the oocyte nucleus. Interestingly, the proportion of directed moving particles is 
lower than that observed for embryo injected pair rule transcripts (Wilkie and Davis, 
2001). Furthermore, the directionality of movement is also less well defined for grk 
RNA particles in the oocyte when compared tofiz or wg RNA particles in the embryo. 
These differences in RNA particle behaviour in the oocytes and embryos might be a 
reflection of the different tissue properties and in the duration of both biological 
processes. Moreover, the tracks along which such RNA particles are suggested to be 
moving, the MT network, is less well defined in the oocyte when compared to that found 
in blastoderm embryos (Wilkie and Davis, 2001). Further experiments involving the 
covisualisation of MTs and grk RNA particles would directly demonstrate the use of 
MTs as tracks for RNA particle movement. Unfortunately, at present this experiment is 
technically extremely challenging. Attempts were made to covisualise at high 
magnification Tau-GFP oocytes with injected grk RNA. Difficulties, however, 
including the long exposures required to visualise GFP and subsequent photobleaching 
of the MT marker, led to the rapid photobleaching of MTs and poor time resolution of 
image acquisition of RNA particles. Alternative approaches and development of new 
methods maybe required to achieve covisualisation of MTs in living oocytes. These 
experiments are beyond the current scope of this thesis. For instance, MTs could be 
labelled by incorporation of Rhodamine tubulin and grk RNA with quantum (Q) dots. Q 
dots are fluorescent semi-conductor nano crystals with increased photostability, that can 
potentially be used to label oligonucleotides or proteins by conjugating them to 
antibodies or streptavidin (Jaiswal et al., 2004; Michalet et al., 2005). The potential of Q 
dots in in vivo imaging methods is currently being tested in our lab by Richard Patton. 
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A large number of maternal RNAs are lácalised in the oOcyte (Dubowy and Macdonald, 
1998). To date only grk and the I-factor RNAs, a retrotransposon like element, are 
known to localise to the dorsal cap (Van Dc Bor et al., 2005). The diversity in 
destination of corresponding mRNAs is determined by the fine interplay between cis-
acting sequences and corresponding trans-acting factors. Whilst some RNAs, including 
osk mRNA are localised to the posterior of the oocyte and require Kinesin I for 
localisation (Brendza et al., 2000a; Ephrussi et al., 1991; Kim-Ha et al., 1991), others, 
including bcd mRNA, K1O RNA localise to the anterior of the oocyte, similar to the first 
step grk mRNA localisation. Interestingly, bcd mRNA has also been proposed to be 
localised by the minus end directed motor Dynein (Schnorrer et al., 2000). The question 
thus is, what factors lead to grk mRNA specific localisation to the oocyte nucleus and 
prevents other Dynein transported cargos from reaching the same destination? In 
addition to the specific combination of trans-acting factors required for grk mRNA 
localisation, such as K10 and Sqd, we propose that grk rnRNA movement to the oocyte 
nucleus is facilitated by the presence of two subpopulations of MTs. As the Tau-GFP 
and Nod-lacZ stainings show, an anterior to posterior MT gradient exists in the oocyte, 
with its minus end lying at the anterior of the oocyte and around the oocyte nucleus. We 
suggest that grk mRNA moves anteriorly along a subset of MTs whose minus ends lie 
anteriorly in the oocyte (Figure 7-2H). This step would be shared by other anterior 
localising mRNAs such as bcd mRNA. We propose that the second step of grk RNA 
localisation takes place along a subset of MTs that nucleate from the oocyte nucleus 
(Figure 7-2H). At present there is no evidence suggesting a chemical difference 
between the two putative MT subsets. This difference could arise from a dissimilar 
composition of MT associated proteins (MAPs) or post-translational tubulin 
modifications previously shown to play a role in microtubule function (Westermann and 
Weber, 2003). Interestingly, mutations in genes that code for components of the 'y-
tubulin ring complex, known to play a role in MT nucleation (Moritz et al., 2000; 
Oegema et al., 1999) have revealed a bed mRNA specific localisation phenotype 
(Schnorrer et al., 2002). This suggests that bed mRNA localisation might occur along a 
different set of tracks from that of grk mRNA. 
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Further supporting evidence for the model of two MT subsets lies in the results revealed 
by grk RNA injection into merlin, and grk mutants (MacDougall et al., 2001). Merlin 
and grk mutants show an intercellular signalling defect at the posterior of the oocyte that 
results in an incomplete reorganisation of MT polarity and nuclear migration (Gonzalez-
Reyes et al., 1995; MacDougall et al., 2001; Neuman-Silberberg and SchUpbach, 1993; 
Roth et al., 1995a). As a consequence, MT minus ends are dispersed at the anterior of 
the oocyte and near the mislocalised.00cyte nucleus at the posterior (Gonzalez-Reyes et 
al., 1995; MacDougall et al., 2001; Roth et al., 1995a). Interestingly, injection of grk 
RNA into these mutants results in its dual localisation to the anterior, and posterior of 
the oocyte where the nucleus lies (MacDougall et al.,- 2003)(Veronique van De Bor 
personal communication). These results thus imply the presence of two subpopulations 
of MTs along which grk RNA can travel. Future experiments highlighting differences in 
the MT chemical composition should confirm the postulated model. 
The involvement of Egi in grk mRNA localisation was suggested from functional 
experiments carried out with an inhibitory antibody. A role for egi in grk mRNA 
localisation is consistent with previous studies showing 'a requirement for BicD and egi 
in oocyte specification and transport of apically localised mRNAs in the Drosophila 
embryo (Mach and Lehmann, 1997; Mohler and Wieschaus, 1986; Ran et al., 1994; 
Schupbach and Wieschaus, 1991; Suter and Steward, 1991; Theurkauf et al., 1993) (see 
Introduction of Chapter 6). To further investigate BicD and egi role in grk mRNA 
localisation, egi and BicD mutants should be examined. Since egi and BicD are required 
for oocyte specification, null mutants result in egg chambers with 16 nurse cells and no 
oocyte. Thus to study the role of BicD and egi in mid-oogenesis egi and BicD 
hypomorphic mutants, or BicD m0m transgenic flies (see Introduction of Chapter6), that 
survive through midoogenesis should be examined. Injection of grk RNA into these 
hypomorphic mutants might reveal subtle defects on grk RNA localisation that are 
undetected by in situ hybridisation. Moreover, recruitment experiments similar to those 
performed in the nurse cells (Chapter 6) and blastoderm embryos (Bullock and Ish-
Horowicz, 2001) could be carried out in the Drosophila, oocyte with injected grk RNA. 
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It would also be interesting to investigate whether other trans-acting factors known to be 
required for grk RNA localisation, such as sqd, (Kelley, 1993) K1O (Wieschaus et al., 
1978) and olu (Van Buskirk and Schupbach, 2002) physically and/or genetically interact 
with B/cD and egi. 
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DISCUSSION AND FUTURE PERSPECTIVES 
grk mRNA localisation plays a key role in the establishment of body axes in Drosophila 
(Gonzalez-Reyes et al., 1995; Neuman-Silberberg and SchUpbach, 1993; Roth et al., 
1995a). Since grk mRNA is one of many transcripts known to localise in Drosophila 
oogenesis, it is possible that other maternal RNAs might share some aspects of its 
mechanism of localisation. In addition, the features of grk mRNA localisation described 
in this thesis might be extended to other cellular contexts apart from the Drosophila 
oocyte. The aim of this thesis was to uncover the mechanism by which grk mRNA is 
transported from its cell of origin to the final cytoplasmic destination in the oocyte. 
Unlike other mRNAs, grk mRNA had been previously suggested to be transcribed by 
the oocyte nucleus, instead of the nurse cells (Norvell et al., 1999; Saunders and Cohen, 
1999). The issue of where grk mRNA is transcribed has remained controversial until 
recently (Caceres and Nilson, 2005). Chapters 3 and 4 attempted to elucidate the site of 
grk mRNA transcription by detecting nascent transcripts in either nurse cell and or 
oocyte nucleus. Although our results do not conclusively show nascent transcripts in 
either nurse cell or oocyte nuclei, the nurse cell cytoplasmic lacZ signal in grkgenomiclacZ 
transgenic egg chambers (Chapter 4, Figure 4-5A, B) suggests that grk mRNA is 
transcribed by the nurse cells. This results is consistent with recent studies that 
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demonstrate that nurse cell produced grk niRNA is sufficient for proper A-P and D-V 
axis specification (Caceres and Nilson, 2005). The fact that grk mRNA is produced in 
the nurse cells raised new questions concerning grk mRNA mechanism of transport into 
the oocyte and localisation within the oocyte. Are these two transport processes 
mechanistically similar? 
To investigate the mechanism of grk mRNA movement into the oocyte and localisation 
near the oocyte nucleus, two in vivo RNA labelling methods were tested. Chapter 5 
explores the possibility of detecting endogenous grk mRNA by injecting grk specific 
molecular beacons in living egg chambers. Unfortunately this approach could not be 
utilised to monitor the dynamics of grk mRNA movement due to the following caveats. 
Both types of molecular beacons tested, grk specific and Xl specific, designed to detect 
endogenous grk mRNA and an Xl tagged version of grk mRNA led to the generation of 
unspecific nuclear and cytoplasmic signals. More importantly, the main disadvantage of 
all molecular beacons tested was their low sensitivity. Since molecular beacons were 
injected separately each grk mRNA molecule was detected by a single fluorochrome. 
The levels of endogenous mRNA to be detected, is therefore a limiting factor of the 
technique. This might explain why osk mRNA, which appears to be expressed at higher 
levels than grk mRNA, could be successfully detected by osk specific beacons (Bratu et 
al., 2003). Since the use of molecular beacons is in its infancy several aspects of the 
technique must still be improved. Chapter 5 discusses a number of approaches to 
improve the sensitivity of molecular beacons. Molecular beacons containing a 
cytoplasmic retention or nuclear exclusion signal might facilitate the detection of a 
cytoplasmic mRNA targets. In addition, the design of molecular beacons was not 
exhaustive. Alternative methods to create new grk specific or an exogenous repeated 
sequence specific beacon could be followed. Lastly brighter fluorochromes that can be 
quenched successfully without altering the secondary structure of the molecular beacon 
could improve the sensitivity of target mRNA detection: Therefore, although at present 
the use of molecular beacons was not optimal to monitor endogenous grk mRNA, 
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advances in the design and synthesis of molecular beacons should improve the 
sensitivity of the technique. 
In contrast to the use of molecular beacons, in vitro transcribed fluorescent mRNAs are 
labelled with multiple fluorochromes. The use of injected fluorescent RNAs into living 
cells has been extensively used as a technique to study the mechanism of mRNA 
localisation in different cellular contexts (Ainger et al., 1997; Bullock and Ish-Horowicz, 
2001; Lall et al., 1999; Wilkie and Davis, 2001). Chapter 6 and 7 investigate the 
mechanism of grk mRNA nurse cell to oocyte transport and localisation in the oocyte by 
injecting fluorescent grk RNA into nurse cells and oocytes of living egg chambers. This 
approach results in a reproducible behaviour of injected grk mRNA that is similar to that 
of endogenous grk mRNA. Injection of grk RNA has revealed a microtubule and 
Dynein requirement through the entire path of grk mRNA transport from the nurse cell 
cytoplasm into the oocyte where it localises near the oocyte nucleus. 
Both nurse cells (Chapter 6) and oocytes (Chapter 7) injected with grk RNA lead to grk 
localisation near the oocyte nucleus albeit with different efficiencies, 60% and 87% 
respectively. The fact that more oocyte injected stage 8-9 egg chambers show grk RNA 
accumulation near the oocyte nucleus, when compared to nurse cell injected grk RNA 
might not reflect a physiological difference in the biological processes but rather a 
technical difference in the injection techniques. In contrast to oocyte injections where 
all the RNA is present in the oocyte from the beginning of the experiment, nurse cell 
injected grk RNA must first be transported into the oocyte prior to its localisation in the 
oocyte. In addition a significant proportion of nurse cell injected grk RNA tends to 
remain in the nurse cell compartment over the period of one hour. Moreover the-manner 
in which the oocyte and nurse cells are injected, leads to differences in the extent to 
which each compartment is physically damaged. Thus we suggest that differences in the 
efficiency of grk RNA localisation, between nurse cells and oocytes injected with grk 
RNA are not indicative of differences in physiological requirements but rather technical 
differences. 
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To test whether the mechanism of grk mRNA nurse cell to oocyte transport differs at 
varying stages of oogenesis stages 6-10 egg chambers were injected. More grk RNA 
seems to accumulate around the oocyte nucleus of stage 6-early 8 than stage 8-9 egg 
chambers. This increase in localisation efficiency observed in younger egg chambers is 
probably not due to technical differences of the injection technique as nurse cells of 
different stage egg chambers are damaged in a similar manner. The most evident 
difference between stages 6-7 and 8-9 is the microtubule (MT) polarity in the.00cyte. 
We propose that the extent to which injected grk RNA accumulates in early stages is a 
consequence of an apparently less complex MT track that lead to the oocyte nucleus. In 
stage 6-7 egg chambers, prior to the first Grk signalling event, the microtubule 
organising centre, (MTOC) is located at the posterior of the oocyte (Clark et al., 1994; 
Clark et al., 1997; Theurkauf et al., 1992). During, these stages, MTs have been 
proposed to nucleate from the oocyte nucleus into the nurse cell cytoplasm (Figure 1-3). 
Thus we propose that upon export from the nurse cell nuclei grk mRNA is transported 
along a MT network that leads directly to the oocyte nucleus. After stage 7 of 
oogenesis, the oocyte nucleus migrates to the dorso-anterior corner resulting in the 
repolarisation of MTs, distributed with their minus ends at the anterior cortex and plus 
ends at the posterior of the oocyte (Figure 1-3) (Gonzalez-Reyes et al., 1995)(Brendza et 
al., 2000b; Clark et al., 1997). We have shown (Chapter , 7) that the movement of oocyte 
injected grk RNA to the dorsal cap occurs in a two-step pathway implying the existence 
of another network of MT that nucleates from the oocyte nucleus (Figure 7-2H, red 
MIs). The suggested microtubule network (MacDougall et al., 2003) implies that in 
stage 8-9 egg chambers, upon transport into the oocyte from the nurse cells, grk RNA 
must switch microtubule networks, from those that connect nurse cell to oocyte to those 
that nucleate from the oocyte nucleus (Figure 7-2H). Interestingly it is not known 
whether the MT reorganisation event that takes place during stage 7 of oogenesis leads 
to any changes in the microtubule distribution in the nurse cells. We have not observed 
any evident difference in the behaviour of grk RNA particles moving toward ring canals 
into the oocyte between theses stages (Chapter 6). We therefore propose that the 
apparent difference in the degree of grk RNA accumulation at the posterior of the oocyte 
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(stage 6-early8) relative to the localisation of grk RNA. at the dorso-anterior corner in 
older oocytes (stage 8-9) is a consequence of the difference in microtubule organisation 
between these stages. 
Our injection assay suggests that at all stages tested and independent of the site of 
injection, grk RNA is able to localise near the oocyte nucleus in a similar manner to 
endogenous grk mRNA. Since grk mRNA is localised in the oocyte thoughout 
oogenesis (Neuman-Silberberg and SchUpbach, 1993), we suggest that grk mRNA is 
constitutively expressed by the nurse cells and transported into the oocyte where it 
localises posteriorly or dorso-anteriorly. At present, however the stability of grk mRNA 
is unknown. Therefore, it is not clear whether the different localisation patterns of grk 
mRNA at the posterior (Stage 4-7) and dorso-anterior (Stage 8-10) of the oocyte are the 
result of the same pool of grk RNA that is transported along with the oocyte nucleus or 
independently toward the dorso-anterior corner. The fact that stage 8-9 injected oocytes 
show movement of grk RNA from the posterior to the anterior and a final accumulation 
around the oocyte nucleus, suggests that posteriorly localised grk mRNA (stage 7), is 
able to move to the dorsoanterior corner upon microtubule reorganisation. 
Unfortunately due to technical limitations, currently it is not possible to test the 
movement of injected and posteriorly localised grk RNA toward the dorso-anterior of 
the oocyte upon oocyte nucleus migration. We propose that grk mRNA dorso-anterior 
accumulation occurring after microtubule repolarisation results from a combination of 
relocalised grk mRNA from the posterior to the dorso-anterior corner and nurse cell to 
oocyte transport of grk mRNA that localises near the oocyte nucleus. 
We have shown that the entire path of grk mRNA transport, from the nurse cell 
cytoplasm into the oocyte (Chapter 6) and localisation in the oocyte (Chapter 7) is 
microtubule and Dynein dependent. Moreover recruitment of BicD by grk RNA at the 
ring canals (Chapter 6) and inhibition of injected grk RNA localisation by an Egl 
antibody (Chapter 7), implicates both proteins in the process of grk RNA nurse cell to 
oocyte transport and localisation in the oocyte. We propose that both BicD and Egl 
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form part of grk RNP particle that is transported from the nurse cell cytoplasm into the 
oocyte where it localises near the oocyte nucleus. This is consistent with previous 
studies demonstrating a BicD and Egl requirement for transport of macromolecules into 
the oocyte for oocyte specification, and apical localisation of pair rule transcripts in 
blastoderm embryos (Bullock and Ish-Horowicz, 2001; Mach and Lehmann, 1997; Suter 
et al., 1989; Wharton and Struhl, 1989). More recently Egl protein has been shown to 
physically and genetically interact with Dynein light chain (Dlc) (Navarro et al., 2004). 
Therefore Egi has been suggested to serve as the adaptor protein coupling the Egl-BicD 
complex to the Dynein motor complex. In addition, a mammalian homologue of BicD, 
BIC2, has been shown in tissue culture to mediate minus end-directed transport along 
the MT network by interacting both with components of the dynactin-dynein motor 
complex and with cargo such as organelles (Hoogenraad et al., 2001; Hoogenraad et al., 
2003). Altogether this evidence suggests that Egl and BicD might form part of a core 
transport complex. Future experiments should uncover the specific roles of Egl and 
BicD in linking various cargoes to the transport machinery. 
Although in the past few years, we have gained a better understanding of the role of 
molecular motors in the transport of localised transcripts (Brendza et al., 2002; Brendza 
et al., 2000b; Bullock and Ish-Horowicz, 2001; Cha et al., 2002; Duncan and Warrior, 
2002; Januschke et al., 2002; MacDougall et al., 2003; Wilkie and Davis, 2001), the 
molecular mechanism of motor and cargo interactions remains poorly understood. The 
fact that BicDfEgl have been shown to mediate Dynein dependent transport of several 
cargoes in different cellular contexts (Hoogenraad et al., 2001; Hoogenraad et al., 2003; 
Navarro et al., 2004), suggests that they might be part of a core transport machinery. 
This suggests that other proteins or hnRNPs might provide specificity for different 
localisation destinations. Recently, a number of trans-acting factors have been shown to 
play important roles in the localisation and translation of grk mRNA to the dorso-
anterior and osk mRNA to the posterior of the oocyte (Filardo and Ephrussi, 2003; 
Goodrich et al., 2004; Norvell et al., 2005; Norvell et al., 1999; Webster et al., 1997; 
Yano et al., 2004). This could suggest that both these RNAs are cotransported from the 
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nurse cells into the oocyte in the same RNP particles until stage 7 of oogenesis when grk 
and osk mRNAs are targeted to different cytoplasmic destinations. 
The work in this thesis shows that Dynein motor, known to be play a role in diverse 
cellular processes (Schroer, 1994), is also required for transport of a key maternal 
transcript, grk mRNA to its cytoplasmic destination in the oocyte. How does a central 
microtubule motor distinguish between its cellular functions and cargoes? In addition to 
a variety of Dynein accessory protein that might mediate specificity (Vale, 2003), 
tubulin post-translational modifications have been suggested to facilitate differential 
transport of mRNAs to distinct cytoplasmic regions (Cha et al., 2002; MacDougall et al., 
2003). Moreover, the fact that Dynein is required for transport of organelles implies that 
mRNAs could hitchkike on organelles. Since nurse cells provide all its cyoplasmic 
components to the oocyte it would be interesting to determine whether a similar or 
shared mechanism of organelles nurse cell to oocyte transport, as that observed, for grk 
mRNA, exists. Are the trans-acting factors required for Dynein mediated transport of 
organdies similar to those used by mRNAs? 
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A: DROSOPHILA FLYSTOCKS 
The flystocks used in this thesis are listed below. The wildtype strain used was Oregon-
R (OrR) or n1sGFP, unless otherwise stated. The genetic markers and balancer 
chromosomes are described in Lindsley and Zimm, 1992. 
Orego nR 
	
Umea Drosophila stock centre, U-#W0670 
yw; n1sGFPM; n1sGFPN Davis et al., 1995 
grk2B61cy0 Neuman- Silberberg and Shupbach, 1993 
sqd'/Df('3)urd Kelley 1993 
en(Xho25)1acZ1Cy0 Hama etal., 1990 
yw67 ; p[w,6D4 hbX44]/CyO Wilkie et al., 1999 
w; p[UASp GFP-actin] 127.18.4 Hudson and Cooley 2002 
W , pCOGGaI4VP16; NGT40; nosGal4VP16 Hudson and Cooley 2002 
Dhc64C 61TM6B, Th,Hu Gepner et al., 1996 
Dhc64Ct5l217M3, Ser Gepner et al., 1996 
yw; Nod-LacZ 143.2/TM3, Sb 	 Clark et al., 1997 
w; maternal-Tau-GFP 2.1 	 Micklem et al., 1997 
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B: PiuM1Rs 
The following table lists all primers used throughout this thesis. First column shows 
primer name (F=forward, R=reverse) and sequence, middle column indicates region 
within grk genomic sequences that the primer was designed against (1 denotes first 
nucleotide of grk promoter as defined in Thio et al., 2000) and last column describes the 
type of experiment for which each primer was used. In red are the restriction site 
engineered for cloning. 
ORK 
PRIMER SEQUENCE (5'-3') GENOMIC PURPOSE 
REGION 
vv 14 1078-1096 F primer for intron 2 of grk 
GGATCCCAAAGTAATTTTCGTGCTC (originally used to amplify grk 
LE, plus BamilI. 	Veromque 
van Dc Bor) 
vvl5R 1650-1631 R primer for inlron 2 of grk 
AGATCTAGAAGTAAGATTCGGCTG (originally used to amplify grk 
LE,plus BgllI, Veronique van 
De Bor) 
M13 NA Sequencing clones in pGEM-T 
GTAAAACGACGGCCAG 
M13R NA Sequencing clones in pGEM-T 
CAGGAAACAGCTATGAC 
AMC9 1-17 pCa4-grkX44 cloning 
CGCTCGAGCGGATATCTAATTAGAGCC F primer for git 600 bp 5' end 
promoter, plus XhoI 
AMC7R 622-607 pCa4-grkX44 cloning 
CGGAATTCCGGTTAATCTAAAGAGC R primer for grk 600 bp 3' end 
promoter, plus EcoRI 
AMCI NA Sequencing lacZ gene in pG5- 
GATTTCCATGTTGCCACTCGC L-G3 
AMC2 	 . NA Sequencing lacZ gene in pG5- 
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GGTAAGCCGCTGGCAGCGG L-03 
AMC3 NA Sequencing lacZ gene in pG5- 
CAGTCAACAGCAACTG L-G3 
AMC4R NA Sequencing lacZ gene in pG5- 
GGAGTACGGGAAATGACjAAGAC L-G3 
AMCS 1-17 Sequencing of 
CGGAATTCCGGATATCTAATrAcjGcc pCa4-grk 01 1acZ 	grk 
promoter region 
AMC6R 321-306 Sequencing of 
CGGAATTCCGGGCACTTTTCACTGC pCa4-grk5 JacZ 	grk 
promoter region 
AMC1 1 NA PCR amplification of lacZ gene 
GATCCCGTCGTTTTACAACGTCGT from pG5-L-G3 
AMC12R NA PCR amplification of lacZ 
GACACCAGACCAACTGQTAATGGT gene from pG5-L-G3 
AMC13 NA Sequencing 	pG5-L-G3 	grk 
CGCAGCCGTTTTCATGCTCCG 3'UTR and downstream regions 
AMC14 NA Sequencing 	pG5-L-G3 	grk 
GGTGGATGQTGTGTGCTTGATGGG 3'UTR and downstream regions 
AMCI5 NA Sequencing 	pG5-L-G3 	grk 
(ICGGGGTATAAATGGGTTGGG 3'UTR and downstream regions 
RP49 NA RT-PCR positive control 
TCCTACCAGCTTCAAGATGAC 
RP49R NA RT-PCR positive control 
GTGTATTCCGACCACGTTACA 
VV23 553-578 RT-PCR amplification of grk 
GCGCAACAAGACCTAAAATCAAAGTG 5'UTR, 	502bp 	fragment 
(grk228 beacon region) 
P6R 1055-1039 RT-PCR amplification of grk 
GCATCATTGG AAAACGC 5'UTR, 	502bp 	fragment 
(git228 beacon region) 
AMC27 NA pCa4-gitlacZApA 
CGAGGTCGACTCTAGAACTAGTGG cloning, F primer against XbaI 
site in pG5-L-G3 (5' of grk 
genomic) 
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LMC29R 	 2929-2911 	pCa4-grk 1 1acZApA 
GCGOTACCCCTGGTAACTGGAGTAAGC cloning, R primer against grk 
genomic 3'UTR upstream of 
polyA signal plus KpnI site 
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C: MOLECULAR BEACONS 
Below is a list of the molecular beacons used in Chapter 5. The first line shows the 
sequence of each molecular beacon (MB). Underlined are the arms of the beacon not 
complementary to the target. The second line for each beacon shows complementary (c) 
targets. 
grk228 MB 
5'-GACG AAA UUGC AAU UUG GCG UC-3' 
grk228c 
5' -GCGACGCCAAATTCGCATTTGC-3' 
grk 318 MB 
5'-CGGT CGA AAA ATA TTG GTT GGG TGQACC G-3' 
grk3l8c 
5' -ATCGGTCCACCCAACCAATATTTTTCGQA...3' 
grkl 148 MB 








5'-GAC CAA CGU AAA GAA AUA UGG UC-3' 
grkl332c 
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5' -TTGACCATATTTCTTTACGTTGCG...3' 
grkl4O6 MB 




5'-caUGG UGC CAG UCG GAU AGU GUU CCUug-3' 
Xlc 
5'-AAC ACT ATC CGA CTG GCA-3' 
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D: Moviii LEGENDS 
MOVIE 1: Figure 6-1A Nurse cell injected grk RNA moves into the oocyte and 
localises like the endogenous transcript. Stage 6 egg chamber injected with grk RNA in 
one nurse cell proximal to the oocyte. grk RNA accumulates at the ring canal, moves 
into the oocyte and localises posterioly by the oocyte nucleus (45min duration). 
MOVIE 2: Figure 6-1E Nurse cell injected grk RNA moves into the oocyte and 
localises like the endogenous transcript. Stage 9 egg chamber injected with grk RNA in 
one nurse cell proximal to the oocyte. Note how grk RNA accumulates near the ring 
canal prior to its transport through the ring canal and localisation near the oocyte 
nucleus. (Dorsal side of the oocyte is at the bottom) (45 mins duration). 
MOVIE 3: Figure 6-4 grk RNA particles move toward ring canals. Actin-GFP egg 
chamber (green) injected with grk RNA (red) in the nurse cells (nurse cell is at the 
bottom, oocyte at the top) grk RNA particles move toward the ring canals and a few can 
be observed moving through the ring canal (5 sec intervals, -2mins duration) 
MOVIE 4: bcd RNA particles move toward ring canals. Similar injection to that from 
Movie 3 except bcd RNA (red) was injected in an Actin-GFP (green) egg chamber. 
Note the similar behaviour RNA particles as they move toward the ring canal connecting 
to the oocyte and accumulate near the ring canal (5 second intervals, -2mins duration) 
MOVIE 5: Figure 6-5A Tracking grk RNA particles. grk RNA injected in the nurse 
cell and imaged at lOOx. Oocyte is at the top. Imaging was started after a few mins of 
injection. Note the ring canal accumulation and fast directed movement of grk RNA 
particles toward this region (1 sec intervals, -2mins duration) 
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MOVIE 6: Figure 6-7C grk RNA transport into the oocyte is reduced in dhc6/dhc 12 
mutant egg chambers. grk RNA injection into the nurse cells of a stage 7 dhc6/dhc 12 
mutant egg chamber. Note the slow movement of grk RNA into the oocyte (compare to 
Movies 1 and 2) 
MOVIE 7: Figure 6-8B grk RNA particles move more slowly in dhc6/dhc 12 
mutants (compare to Movie 5). Oocyte is at the top, most of what is shown is the nurse 
cell cytoplasm. 
MOVIE 8: Figure 7-1 Oocyte injected grk RNA forms particles that move in . a radial 
fashion toward the oocyte nudes (dorsal view of a stage 8 oocyte) 
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In Drosophila oocytes, gurken mRNA localization ori-
entates the TGF-a signal to establish the anteropos-
tenor and dorsoventral axes. We have elucidated the 
path and mechanism of gurken mRNA localization by 
time-lapse cinematography of injected fluorescent 
transcripts in living oocytes. gurken RNA assembles 
into particles that move in two distinct steps, both 
requiring microtubules and cytoplasmic Dynein. gur-
ken particles first move toward the anterior and then 
turn and move dorsally toward the oocyte nucleus. We 
present evidence suggesting that the two steps of 
gurken RNA transport occur on distinct arrays of mi-
crotubules. Such distinct microtubule networks could 
provide a general mechanism for one motor to trans-
port different cargos to distinct subcellular destina-
tions. 
Introduction 
mRNA localization provides an efficient posttranscrip-
tional method of targeting many kinds of proteins to 
their sites of function in a wide range of organisms (Jan-
sen, 2001; KIoc et al., 2002; Lipshitz and Smibert, 2000; 
Palacios and Johnston, 2001). In a variety of cases, 
mRNA localization is thought to involve polarized trans-
port of mRNA by cytoskeletal motors (Tekotte and Davis, 
2002). However, only in a few cases has transport been 
demonstrated by real-time imaging of directed move-
ment of RNA. For example, ASH1 mRNA localizes to the 
buds of dividing yeast cells, thus suppressing mating-
type switching in the daughter cell (Bobola et al., 1996). 
The movement of ASHI mRNA indirectly tagged with 
GFP has been visualized directly (Bertrand et al., 1998) 
and requires Myosin V and actin. She2 and She3 act as 
linkers between Myosin and the RNA (Jansen et al., 
1996; Long et al., 2000; Munchow et al., 1999; Takizawa 
and Vale, 2000). In the Drosophila blastoderm embryo, 
wingless (wg) and pair-rule apical transport of RNA parti-
cles has been visualized directly with injected fluores-
cently labeled RNA. Apical transcript localization in the 
embryo requires cytoplasmic Dynein (Dynein), the major 
*Correspondence: ilan.davis@ed.ac.uk  
minus end-directed microtubule (MT) motor (Wilkie and 
Davis, 2001). Egalitarian (EgI) and Bicaudal-D (BicD) may 
act as linkers between pair-rule RNA and the Dynein 
motor complex (Bullock and lsh-Horowicz, 2001). 
In Drosophila oocytes, mRNA localization plays a cen-
tral role in axis specification, but the role of cytoskeletal 
motor proteins has not been tested directly by observa-
tion of the movement of mRNA. The embryonic axes 
are preformed during oogenesis through the sorting of 
different mRNAs to distinct regions of the oocyte (Jan-
sen, 2001). gurken (grk) mRNA localization plays a key 
role in breaking the initial symmetry of the oocyte by 
restricting the Grk-transforming growth factor-a (TGF-a) 
signal to particular groups of overlying follicle cells (Gon-
zalez-Reyes et al., 1995; Neuman-Silberberg and Schup-
bach, 1993). There are two rounds of Grk signals at 
different times during oogenesis, both of which are re-
ceived by Torpedo, an EGF receptor in the follicle cells 
(Nilson and Schupbach, 1999). In stage 6, grk mRNA 
and Grk protein are localized at the posterior of the 
oocyte, thus instructing a group of follicle cells to be-
come posterior in identity. These cells then send a signal 
back to the oocyte that initiated the formation of the 
anteroposterior axis. The signal leads to the repolariza-
tion of the oocyte MTs and the migration of the oocyte 
nucleus to the dorsoantenor corner of the oocyte (Gon-
zalez-Reyes and St Johnston, 1998). Before stage 7 an 
MT-organizing center (MTOC) is located at the posterior 
of the oocyte, the site at which most MT minus ends 
are localized (Clark et al., 1994, 1997; Micklem et al., 
1997; Theurkauf et al., 1992). By stage 8, the posterior 
MTOC disassembles and a diffuse MTOC forms in the 
anterior. The anterior MTOC has been visualized with 
Nod-LacZ, a putative MT minus end marker (Clark et 
al., 1997), and Centrosomin, a centrosome component 
(Brendza et al., 2000), as well as the MT-nucleating com-
ponents, y-Tubulin37C (-yTub37C) and -y-Tubuhin ring 
complex protein 75 (Dgrip75) (Schnorrer et al., 2002). 
Plus ends of MTs, visualized with Kinesin-LacZ (Kin-
LacZ), are found at the posterior of the oocyte (Clark et 
al., 1994). This results in an anteropostenor gradient of 
MT concentration, with the highest concentration at the 
anterior, which has been visualized with Tau-GFP (Mick-
hem et al., 1997), a fusion containing the MT binding 
protein Tau. The second round of Grk signaling initiates 
dorsoventral axis formation in stage 9, when grk mRNA 
and protein are localized in an anterodorsal cap near 
the oocyte nucleus. The overlying dorsal follicle cells 
are instructed by the Grk signal to adopt dorsal fates, 
leading later to secretion of correct eggshell structures, 
such as the dorsal appendages (Nilson and Schupbach, 
1999; van Eeden and St Johnston, 1999). 
The breaking of the initial axial symmetry of the oocyte 
involves several other localized transcripts in addition 
to grk. bicoid (bcd) mRNA is localized to the extreme 
anterior cortex of the oocyte, leading to a morphoge-
netic gradient of Bcd protein when it is translated in 
the embryo (Driever and NUsslein-Volhard, 1988). oskar 
(osk) mRNA is localized at the extreme most-posterior 
part of the oocyte and embryo and specifies the future 
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germ cells and posterior structures through recruitment 
of many other localized posterior components by the 
Osk protein (Ephrussi et al., 1991). While the functions 
of grk, bcd, and osk have been studied in detail, the 
mechanism of localization of these transcripts is not as 
well understood (Tekotte and Davis, 2002). osk mRNA 
localization to the posterior requires actin and Tropomy-
osin, probably for anchoring at the posterior (Erdelyi et 
al., 1995), a crucial step in pole plasm assembly (Vanzo 
and Ephrussi, 2002). The MT plus end motor, Kinesin I 
(Kin I), is probably required for transport of osk mRNA 
along MTs to their plus ends (Brendza et al., 2000), for 
its exclusion from the lateral cortex (Cha et al., 2001), 
and for all cytoplasmic movements in the oocyte (Pala-
cios and Johnston, 2002). osk mRNA localization is also 
likely to require cytoplasmic movements to deliver it to 
the posterior (Glotzer et al., 1997). Surprisingly, Kin light 
chain is not required forthis process (Palacios and John-
ston, 2002). However, the path of movement of osk 
mRNA has not been visualized directly either in wild-type 
or Kin mutants. bcd mRNA localization to the anterior 
requires Swa, which interacts with Dynein in yeast two-
hybrid assays (Schnorrer et al., 2000), but the role of 
Dynein in bcd mRNA localization has not yet been tested 
directly. bcd localization also requires Exu protein (St 
Johnston et al., 1989) for the correct path of localization 
of injected bcd RNA in living oocytes (Cha et al., 2001). 
Exu-GFP fusion protein has been visualized in particles 
that move within the oocyte (Theurkauf and Hazelrigg, 
1998), but it remains unclear whether Exu and bcd mRNA 
coassemble in the same particles (Wilhelm et al., 2000). 
In comparison with bcd and osk, less is known about 
the mechanism of localization of grk mRNA within the 
oocyte. Like bcd and osk, grk mRNA may be transcribed 
at early stages in nurse cells (Thio et al., 2000), but, in 
later stages, grk mRNA may be transcribed in the oocyte 
nucleus (Saunders and Cohen, 1999). grk mRNA local-
ization requires MTs (Pokrywka and Stephenson, 1991). 
Kin I is required for the localization of grk mRNA to the 
dorsoanterior corner, possibly because of a requirement 
to recycle Dynein back to the posterior (Brendza et al., 
2002). Overexpression of p50/dynamytin, a subunit of 
the dynactin complex that is required for Dynein pro-
cessivity (King and Schroer, 2000), disrupts grk RNA 
localization, suggesting a possible role for Dynein in grk 
mRNA localization (Januschke et al., 2002). However, 
as in the cases of bcd and osk mRNAs, the path of grk 
mRNA has not been defined, and it has not been tested 
directly whether Dynactin, Dynein, and Kinesin are re-
quired for active transport of grk as opposed to cyto-
plasmic streaming or diffusion and for the anchoring of 
grkora -factor - required -for -its-localization - 
Here, we have observed the path of movement and 
elucidated the mechanism of grk RNA localization in the 
oocyte by studying its movement in real-time in living 
egg chambers. Injected grk RNA assembles into dis-
crete particles that move first to the anterior cortex and 
then turn and move dorsally toward the oocyte nucleus. 
Both steps involve transport to the minus ends of MTs 
mediated by Dynein. We propose and show some sup-
porting evidence for the view that the two steps of grk 
movement take place on two distinct arrays of MTs, 
the first orientated toward the anterior and the second 
associated with the oocyte nucleus. 
Results 
Injected grk Transcripts Localize in Cultured Egg 
Chambers like Endogenous grk mRNA to the 
Anterodorsal Corner of the Oocyte 
To investigate the path and mechanism of grk mRNA 
localization, we developed a rapid real-time injection 
assay for grk RNA localization in living oocytes cultured 
in oxygen-rich halocarbon oil. About 1 hr after injection, 
fluorescently labeled grk transcripts localize to a very 
similar site to the endogenous transcripts. The assay is 
based on previous procedures used to inject fluores-
cently labeled mRNA into embryos (Bullock and Ish-
Horowicz, 2001; Wilkie and Davis, 2001) and on our 
modifications of previous methods used to inject mRNA 
into living egg chambers or embryos (Glotzer et al., 1997; 
Lall et al., 1999). We used time-lapse cinematography 
with low-powered objectives to capture the movement 
and localization of grk RNA over the entire oocyte (Ex-
perimental Procedures). 
In stage 8 of oogenesis, endogenous grk transcripts 
are localized in the oocyte in an anterior ring with an 
enrichment at the dorsoantenor corner near the oocyte 
nucleus. By early stage 9 the majority of grk RNA is 
located in the dorsoanterior corner, with a small amount 
present in the entire anterior region. Fluorescently la-
beled grk RNA injected into oocytes of stage 8-1OB egg 
chambers is correctly localized in 81 % of cases (n = 
96). Localization efficiency is higher in stages 8-9 (87%, 
n = 47) and stage 1 O (83%, n = 35) than in stagelOB 
(57%, n = 14). grk transcripts localize correctly approxi-
mately 1 hr after injection into any part of the oocyte, 
including the extreme posterior end (Figures 1 A-i F). 
The time-lapse movies we captured suggest that 
the localization of grk RNA occurs in two steps (Fig-
ure 1 and Supplemental Movie Si at http://www. 
developmentalcell.com/cgi/content/full/4/3/3O7/  
DC1). The RNA begins to move toward the anterior soon 
after its injection (Figure 1 B). Thirty minutes after injec-
tion, the RNA is strongly localized along the entire ante-
rior but begins to be enriched at the dorsoanterior corner 
(Figure 1 C). Between 30 and 60 min after injection, grk 
RNA becomes progressively much more concentrated 
in the dorsoanterior corner, and the anterior signal is 
diminished (Figure 1 D). These results suggest that grk 
mRNA first moves to the anterior and then to the dor-
soanterior corner, rather than being degraded every-
where other than at the dorsoanterior corner. In contrast, 
we find that injected fluorescent bcd RNA fails to cor-
rectly localize to the anterior cortex when injected into 
the 6t(dattshown)1nagreementwithprevious 
studies (Cha et al., 2001). We conclude that, unlike for 
bcd, all the machinery required for grk mRNA localiza-
tion is present within the oocyte cytoplasm. 
In addition to localizing at the dorsoarrterior corner, 
injected grk RNA also accumulates at a lower level in 
the opposite side of the oocyte, at the ventroanterior 
corner (Figures 1 E and iF). To determine whether this 
additional site of localization is also found in the case 
of endogenous grk mRNA, we used high-resolution fluo-
rescent in situ hybridization methods (Wilkie et al, 1999; 
Wilkie and Davis, 2001) (detailed protocol available by 
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Endogenous 	 Injected grk RNA 
grk transcript 
Figure 1. Injected grk RNA, like Endogenous grk Transcripts, Local-
izes to the Dorsoanterior Corner of the Oocyte 
(A-D) Time-lapse movie of the movement of injected Alexa Fluor 
546-UTP-labeled grk RNA in a living stage 9 egg chamber expressing 
nI5GFP. 
One minute after the injection of the grk ANA in the posterior of 
the oocyte. fc, follicle cells; nn, nurse cell nuclei; on, oocyte nucleus. 
Fifteen minutes after the injection, the RNA has begun to move 
toward the anterior. 
Thirty minutes after the injection, much of the RNA is localized 
to the anterior of the oocyte. 
(0) One hour after the injection, the RNA is predominantly localized 
at the dorsoantenor cap. 
(E-H) Stage 9 egg chambers showing a comparison of the final 
distribution of injected grk RNA and endogenous grk transcripts. In 
both cases, the majority of the RNA has accumulated at the oocyte 
request) and three-dimensional imaging of entire fixed 
egg chambers (Davis, 2000). We modified the in situ 
procedure to allow greater probe penetration and in-
creased signal to noise ratio (Experimental Procedures). 
In stage 9 egg chambers, endogenous grk mANA shows 
a pattern of accumulation very similar to that of the 
injected RNA, with the majority of the RNA in a dorsoan-
tenor cap and some RNA concentrated in the ventroan-
tenor corner (Figures 1 G and 1 H). The translation of the 
ventroanterior RNA is presumably repressed. We also 
found that high-resolution imaging of endogenous grk 
transcripts and injected grk RNA showed that both are 
localized in a punctate pattern in the dorsoanterior cor-
ner (Figures ii and 1J). We conclude that injected grk 
RNA localizes to the same site as endogenous grk mRNA 
approximately 1 hr after injection. 
To test whether grk is specific in its ability to localize 
to the dorsoantenior corner, we injected the anteriorly 
localized transcript, fs(1)K10 (Kb). A 44 nt K10 small 
stem loop, previously shown to localize to the anterior 
region as a transgene in oocytes (Serano and Cohen, 
1995) and apically when injected as part of a larger RNA 
into blastoderm embryos (Bullock and Ish-Horowicz, 
2001), localizes anteriorly when injected into the oocyte, 
albeit less efficiently than grk RNA (26% anteriorly local-
ized, 64% unlocalized, n = 15; Figure 2A). In contrast, 
a mutant K10 stem loop previously shown not to localize 
as a transgene in oocytes and when injected into blasto-
derm embryos (Bullock and lsh-Horowicz, 2001; Serano 
and Cohen, 1995) fails to localize when injected into 
oocytes (O% anteriorly localized, n = 9; Figure 2B). In 
contrast, hb RNA, which is not normally found in the 
oocyte and is unlocalized in embryos (Davis and Ish-
Horowicz, 1991), becomes evenly distributed when in-
jected into the oocyte (0% localization, n = 12; Figure 
2D). We conclude that the anterodorsal localization of 
injected grk RNA is specific. 
Endogenous grk transcripts require the transacting 
protein Squid (Drosophila hnRNP Al) for correct antero-
dorsal localization (Kelley, 1993). We injected grk RNA 
into squid mutant egg chambers and found that injected 
grk RNA, like the endogenous transcripts, localizes to 
the entire anterior cortex, instead of the dorsoanterior 
corner (75% anteriorly localized, 25% unlocalized, n = 8; 
Figure 20). In no case was injected grk RNA specifically 
enriched in the dorsoanterior corner of squid mutant 
oocytes. We conclude that our injection assay for grk 
RNA reflects faithfully the specificity of endogenous grk 
mRNA localization. 
nucleus, and a fraction of the RNA has accumulated at the ventroan-
terior corner. 
(E and F) Living stage 9 egg chamber injected with grk RNA. 
(G and H) Endogenous grk transcripts visualized by in situ hybridiza-
tion in a fixed stage 9 egg chamber. 
(I and J) High-magnification comparison of the distribution of in-
jected grk RNA and endogenous grk transcripts showing that both 
are localized in a punctate manner in a dorsoanterior cap around 
the oocyte nucleus (on). The scale bars represent 50 m in lower-
powered images and 10 m in high-powered images in this and 
all other figures. In this and all subsequent figures, the oocyte is 




50mins-1 hr after injection 
Figure 2. Dorsoantenor Localization of gr* ANA Is Specific 
Stage 9 egg chamber injected with the KiOtis (44 nt K10 localiza-
tion element). The RNA localizes to the anterior in 26% of injected 
oocytes. 
Stage 9 egg chamber injected with a mutated KlOtIs previously 
shown to disrupt localization. In all cases the RNA does not localize 
and remains near the injection site. 
Stage 9 squid'1Df(3)urd oocyte injected with grk RNA. The RNA 
localizes tightly to the anterior and fails to form a dorsoanterior cap. 
(0) Stage 9 egg chamber injected with rib RNA. hb ANA does not 
localize and diffuses throughout the ooplasm. 
Injected grk RNA Assembles into Particles 
that Move in Two Phases 
To determine the precise path of injected grk RNA move-
ment, we imaged the movement of injected ANA in the 
oocyte at higher resolution at a time-lapse interval of 
one frame per second. Unlike in the blastoderm embryo, 
injected RNA in the oocyte appears diffuse at low resolu-
tion and moves with less well-defined directionality (Wil-
kie and Davis, 2001). However, by imaging at higher 
magnification and time resolution than in the embryo, 
we can readily resolve RNA into discrete particles that 
move in specific directions in the oocyte. These particle-
tracking experiments confirm the two-step path of grk 
RNA localization observed with low-powered imaging. 
The RNA particles are usually apparent within 30-60 s 
of injection. Twenty-seven percent of the particles move 
in distinct, usually anterior or dorsal, paths in the plane 
of observation, 42% of the particles move rapidly into 
different focal planes and cannot be tracked, and the 
other 31 % do not move substantial distances during the 
period of observation of 300 s (n = 265 particles) (Figure 
3). Our observations suggest that all the particles even-
tually move to their correct destination, but, at any one 
time, particles go through periods of rapid motion inter-
spersed by periods of stasis. During the periods of rapid 
motion, average speeds of 0.25 0.013 1km/s and maxi-
mum speeds of 1.25 p.m/s were observed. These speeds 
are approximately half of those observed in the embryo 
for grk, wg, and pair-rule RNA particle movements (this 
paper and Wilkie and Davis, 2001), probably because 
the particles pause more frequently in the oocyte than 
n the embryo. The speeds and paths taken by grk parti-
.Ies are entirely consistent with active transport, rather 
than diffusion and anchoring (Figure 3). 
We were unable to track the particles at high resolu-
"on through their entire path of localization, as they 
eventually move out of the plane of focus and imaging 
et high power for long periods or through many focal 
sections causes an inhibition of the motility. This is prob-
3bly due to photo-induced damage of the cellular ma-
hinery required for localization. Therefore, we were only 
able to image the movement of the RNA particles over 
hort portions of their paths for 300 time points (5 mm 
'i total). Nevertheless, tracking the speed and direction 
f movement of many particles after injection of grk 
NA at different sites in the oocyte has allowed us to 
econstruct their entire route between the site of injec-
tion and their final destination. 
To map the path of movement of grk RNA particles 
fully, we performed three kinds of particle-tracking ex-
periments (Figure 3 and Supplemental Movies S2-S4 
http : //www.developmentalcell.com/cgi/content/full/4/  
31307/DC1). In the first, we tracked the particles immedi-
ately after the injection of grk RNA in the center. In most 
cases, the particles move through the center toward the 
anterior of the oocyte (n = 214 particles; Figure 3A-3C), 
althougi, in some cases, the particles adopted diagonal 
routes directly to the oocyte nucleus. Unlike in bcd RNA 
injection experiments (Cha et al., 2001), we only some-
times observed particles moving toward the cortex (Fig-
ure 3B), and these appear to eventually move anteriorly 
from the cortex (data not shown). In the second type of 
particle-tracking experiment, we injected grk RNA in the 
center of the oocyte, waited for approximately 20 mm, 
and then imaged the movement of particles at the ante-
rior of the oocyte (n = 51; Figures 3D-3F). Near the 
anterior, some particles still move toward the anterior, 
while others move dorsally toward the nucleus. Interest-
ingly, 11 particles were observed to move anteriorly, 
pause for a short period, and then make a sharp turn 
toward the dorsal corner (Figures 3E and 3F). In the third 
kind of particle-tracking experiment, we followed the 
movement of particles immediately after injection of grk 
RNA near the oocyte nucleus. In such experiments the 
oocyte was orientated with the dorsoanterior corner and 
nucleus uppermost, nearest the objective lens and out 
of focus. Particles near the oocyte nucleus generally 
move toward the nucleus (n = 17; Figures 3G-31). 
We plotted the angle of movement of the particles 
over their entire path (Figures 3J-3L). We found that, 
in the first particle-tracking experiment, the majority of 
particles moved toward the anterior (Figure 3J), and, 
in the second tracking experiment, the majority either 
moved anteriorly or dorsally (Figure 3K). In the third 
kind of particle-tracking experiment, the majority of the 
particles moved toward the oocyte nucleus (Figure 3L). 
To further test whether the turning of grk RNA particles 
we observe toward the dorsoantenorly located nucleus 
is specific, we compared the direction of movement of 
grk particles in squid mutant and control egg chambers. 
In squid mutants grk RNA particles move less frequently 
to the dorsoantenor and more frequently to the ventral 
side than in controls (Figure 3M). We conclude that in-
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Figure 3. Injected grk RNA Assembles into 
Particles that Move First Anteriorly and then 
Dorsally Toward the Oocyte Nucleus 
(A-C) The tracks of gr* RNA particles and 
their direction of movement immediately after 
injection into the middle of the oocyte of a 
stage 9 egg chamber. 
Diagram showing the site of injection of 
grk RNA and orientation of the images ac-
quired. 
Tracks of the path of movement of RNA 
particles identified by lines of various colors. 
The arrows indicate the direction of travel of 
the particles. 
An enlarged subregion of (B) showing 
some of the particles and their position over 
time. 
Diagram of another stage 9 egg chamber 
in which grk ANA was injected centrally into 
the oocyte. 
grk particles were allowed to move anteri-
orly for 30 min before their movement was 
tracked overtime. Some particles travel ante-
riorly, but many travel dorsally (colored lines 
with arrows). 
An enlarged subregion of (E) showing a 
particle that travels in two phases, first anteri-
orly and then dorsally. 
Diagram of a stage 9 egg chamber in dor-
sal view (oocyte nucleus uppermost) injected 
with grk RNA in a broad region close to the 
oocyte nucleus. 
Particles close to the nucleus and their 
position and direction of movement overtime 
(colored lines with arrows). Most particles 
move toward the oocyte nucleus. 
Enlargement of a subregion of (H) showing 
some particles moving toward the oocyte nu-
cleus. 
)J-L) Diagrams showing the direction of 
movement of grk RNA particles, illustrated as 
colored lines with arrows in (B), (E), and (H), 
respectively, and additional corresponding 
examples. The circles in (J) and (K) represent 
the angle of movement with respect to the 
four axes: D, dorsal; V, ventral; A, anterior; P, 
posterior. The circle in (L) represents the 
angle of movement relative to the oocyte nu-
cleus (on.). 
Most particles move toward the anterior, 
some particles also move dorsally or antero-
dorsally, and a few move cortically. 
Most particles move dorsally or anteriorly, 
and a few moving cortically. 
Most particles move toward the oocyte 
nucleus. 
A comparison of the direction of move-
ment of grk ANA particles in control (red) and 
squid (blue) mutant oocytes after injection 
halfway between the middle and the anterior 
of the oocytes. In the squid mutants most 
particles move anteriorly, but a few move dor-
sally or ventrally. In the control oocyte many 
particles move dorsally, but only one moves 
ventrally. 
RNA become localized through an initial movement to 	grk mRNA Localization Requires MTs and Dynein 
the anterior through the center of the oocyte and then To investigate whether grk RNA localization requires an 
through a Squid-dependent dorsal movement from any 	intact cytoskeleton, we coinjected or preinjected actin 
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Figure 4. The First Step of grk RNA Localization Requires MTs and 
Dynein 
A stage 9 egg chamber 1 hr after coinjection of grk RNA and 
the MT-destabilizing drug, Colcemid (100 jig/ml). The RNA fails to 
localize within the oocyte. 
A stage 9 egg chamber 1 hr after coinjection of grk RNA and 
150 jig/ml Cytochalasin D. grk RNA localizes to the dorsoanterior 
cap near the oocyte nucleus with normal kinetics. 
merlin" mutant egg chamber 50 min after injection of grk RNA 
into the center of the oocyte. grk localizes to both the anterior and 
posterior of the oocyte, where minus ends of MT5 are thought to 
localize. Note the oocyte nucleus at the posterior of the oocyte (on). 
A stage 9 egg chamber coinjected with grk RNA and P1 H4 
monoclonal anti-Dhc antibody (T. Hays). In all cases, grk RNA fails 
to localize within the oocyte. 
A stage 9 hypomorphic dhc mutant egg chamber injected with 
grk RNA, showing that the RNA is localized to the anterior after 1 
hr (see text). 
A wild-type control egg chamber showing a strong dorsoanterior 
cap of grk RNA, 1 hr after injection. 
(G—I) Time-lapse images of a living interphase 14 blastoderm embryo 
expressing riIsGFP fusion protein (green) and injected with grk RNA 
(red) at time 0. The time at which the images were captured after 
injection are shown in minutes and seconds in the bottom left hand 
corner of each panel. The arrowheads in (H) and (I) show an RNA 
of Colcemid, an MT-depolymenzing drug, leads to an 
'jnlocalized distribution of grk RNA in the oocyte (100 
gIml Colcemid, 0% localized, n = 26; 30 Vg/ml Col-
emid, O% localized, n = 13; Figure 4A). In contrast, 
ne actin-depolymerizing drug, Cytochalasin D, does not 
lisrupt grk RNA localization to the dorsoanterior corner 
36% localized, n = 15; Figure 413). We conclude that 
irk RNA localization is dependent on intact MTs, but 
not on actin integrity. 
To determine whether grk RNA localization is depen-
dent on correct MT polarity, we injected grk RNA into 
merlin mutant egg chambers, which we previously 
showed fail to reorganize their MT at stage 7 of oogen-
esis (MacDougall et al., 2001). In merlin egg chambers, 
the posterior MTOC fails to disassemble and persists 
in later stages. In 50% of cases, the oocyte nucleus fails 
to migrate to the anterior and remains at the posterior 
of the oocyte. Our results show that, in merlin egg cham-
bers, injected grk RNA localizes to the posterior near 
the misplaced oocyte nucleus, in addition to localizing 
along the entire anterior cortex (100% localized, n = 4; 
Figure 4C). We interpret these results as indicating that, 
in merlin mutants, the two steps of grk localization are 
disconnected, so that the RNA that completes the first 
step is not able to move from the anterior to the mis-
placed posterior nucleus, but the second step can occur 
in the absence of the first step. We conclude that grk 
mRNA localization depends on MT polarity and is nor-
mally targeted to minus ends of MT5 at the anterior and 
near the oocyte nucleus. 
The major minus end-directed MT-dependent motor 
in eukaryotic cells is Dynein. To test whether grk mRNA 
localization depends on Dynein, we injected grk RNA 
into egg chambers with reduced Dynein heavy chain 
(Dhc) activity. Dhc is the essential force-generating 
ATPase subunit of the large Dynein motor complex. 
Coinjection of either of two monoclonal antibodies 
against Dhc together with grk RNA is sufficient to com-
pletely inhibit the localization of grk RNA (0% localized, 
n = 34; Figure 4D), as is preinjection of either of the 
antibodies 10 min before grk RNA (data not shown). In 
contrast, injection of anti-Dynein antibody into Tau-GFP 
embryos does not alter the previously described (Mick-
(em et al., 1997) anteroposterior gradient of MT (data 
not shown). Furthermore, injection of a control anti-HA 
antibody does not affect the localization of injected grk 
RNA (73% localized, n = 11). We conclude that a disrup-
tion of Dyrtein function by the anti-Dynein antibody is 
the cause of the inhibition of grk mRNA localization, 
rather than nonspecific effects of antibody injections or 
an indirect disruption of MT distribution. 
We also studied the localization of injected grk RNA 
in hypomorphic semiviable dhc allelic combinations 
(Gepner et al., 1996). Injected grk RNA localizes more 
slowly in dhc mutant oocytes (Figures 4E and 4F). After 
1 hr, 85% (n = 40) stage 9 wild-type oocytes injected 
with grk RNA were found to localize correctly in an ante-
rodorsal cap near the nucleus. In contrast, only 21Db  of 
particle, which formed from diffuse RNA at a second simultaneous 
site of injection of smaller quantities of RNA (not visible in [G]). In 
embryos, injected grk RNA localizes as particles with similar kinetics 
to wg and pair-rule RNA. 
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Figure 5. The Second Step of grk RNA Localization Requires MTs 
and Dynein 
A stage 9 egg chamber injected with Colcemid (100 ,g/ml) ap-
proximately 30 min after gr* RNA injection. 
One hour after Colcemid injection, no further localization of grk 
RNA occurs, but the RNA already at the anterior and in the dorsoan-
tenor cap remains localized. 
A stage 9 egg chamber injected with anti-Dhc antibody P1 H4 
30 min after injection with grk RNA, which has partly localized to 
the anterior and near the oocyte nucleus. 
One hour after injection of the anti-Dhc, grk RNA is still only 
partly localized. 
dhc mutant egg chambers injected with grk RNA show 
localization to a dorsoanterior cap similar to wild-type, 
36% show anterior and a weak dorsoanterior localiza-
tion, and 43% show no localization after 1 hr (n = 14; 
Figure 4E). We interpret the dhc mutants as causing a 
reduction in the efficiency of Dhc function, while we 
interpret the anti-Dhc antibody experiments as repre-
senting a complete knockout of Dhc function, equivalent 
to a null allele. We therefore conclude that injected grk 
RNA moves to the anterior using Dynein-dependent 
transport to the minus ends of MTs. 
We were unable to determine the speed of movement 
of grk RNA particles in the dhc allelic combinations, as 
RNA particles appeared to form less readily in the mu-
tant egg chambers than in controls. Instead, to test 
whether the grk RNA particle movement is reduced in 
dhc alleles, we injected grk RNA into dhc mutant em-
bryos. We found that, in control embryos, the localiza-
tion of injected grk RNA (Figures 5A-5C) was very similar 
to that of wg and pair-rule transcripts previously charac-
terized in embryos (Wilkie and Davis, 2001). Injected grk 
RNA particles localize in control embryos at an average 
speed of 0.46 = 0.09 p.m/sec (n = 21 particle move-
ments). In two different allelic combinations of dhc mu-
tants (dhc8- '/dhc6-10 and dhc6 1dhc), the speed of 
movement of grk particles is reduced to 0.198 0.048 
p.m/sec (n = 78 particle movements) and 0.19 0.06 
p.m/sec (n = 82 particle movements), respectively. We  
conclude that, despite not normally being present in the 
embryo, grk RNA is able to recruit all the machinery 
required for Dynein-dependent apical localization. 
These data also strengthen the conclusion that grk RNA 
localizes by a Dynein-dependent mechanism in the 
oocyte. 
To test the dependence of the dorsoantenor move-
ment of grk RNA on Dynein, we injected grk RNA and 
waited for approximately 30 mm, until the RNA com-
pleted most of the first step, and then injected Colcemid 
or antibodies against Dhc. Either Colcemid (Figures 5D 
and E) or anti-Dhc (Figures 5F and 5G) injection after 
completion of the first step does not strongly affect 
the distribution of RNA that is already localized at the 
anterior, but the anterior RNA is unable to continue on 
the second step to the dorsoanterior corner. We inter-
pret these results as follows. Colcemid reduces the 
length of MTs but does not depolymerize MTs com-
pletely. Anteriorly localized RNA (that has completed 
only the first step) remains bound to the short MIs at 
the anterior but is unable to move dorsally because the 
MIs leading to the dorsoanterior corner are also much 
shortened. 
An Anterior Network of MTs Surrounds the Oocyte 
Nucleus and Contains a High Concentration of 
MT Minus Ends in a Dorsoanterior Cap 
The existence of two distinct MT- and Dynein-depen-
dent steps of grk RNA localization in the oocyte sug-
gests that the two steps could involve movement along 
two distinct MT networks. Previous experiments in stage 
9 oocytes do not address this question directly but show 
that MTs exist in an anteroposterior gradient, with high 
concentrations in the anterior and low concentrations 
at the posterior (see Introduction). 
To attempt to visualize the different networks of MTs 
on which the two steps of grk RNA localization could 
occur, we improved the resolution and sensitivity of 
detection of minus ends of MTs with the Nod-LacZ 
marker using immunodetection with fluorescent sec-
ondary antibodies (see Experimental Procedures), in-
stead of histochemical detection with X-gal staining 
(Clark et al., 1997). Our results show that there is a 
concentration of minus ends all over the anterior of the 
oocyte, as previously reported (Clark et al., 1997), but 
also a particularly high concentration in a dorsoanterior 
cap around the nucleus (Figure 6A). Minus ends of MTs 
are also found along the entire anterior cortex, with lower 
concentrations in the middle of the anterior "plate" as 
well as some minus ends at the junction of the follicle 
cells and oocyte (Figure 6B). Nod-LacZ distribution is 
therefore different from that of grk mRNA, as it is likely to 
mark all minus ends of MTs, whereas grk mRNA mostly 
localizes at the dorsoanterior cap. 
To further study the distinction between grk RNA and 
Nod-LacZ distribution, we crossed the Nod-LacZ 
marker into a squid mutant background (see Experimen-
tal Procedures) previously shown to disrupt grk mRNA 
disrtribution (this paper and Norvell et al., 1999). In con-
trast to grk mRNA, Nod-LacZ distribution in squid mu-
tants is indistinguishable from that in control egg cham-
bers (data not shown and Figure 6). We conclude that, 




Figure 6. A Network of MTs Is Associated with the Oocyte Nucleus, with MT Minus Ends at a Dorsoantenor Cap 
(A-B) Stage 9 Nod-LacZ egg chambers stained with polyclonal anti 3-galactosidase antibody visualized by fluorescent secondary antibody 
(red). Phalloidin-Alexa 488 staining (green) and DAPI staining (cyan) visualize actin and DNA, respectively. 
Nod-LacZ, the putative MT minus end marker, is strongly localized at the dorsoantenor cap (where the condensed DNA of the oocyte 
nucleus can be seen in the DAR channel) and more weakly in a ventroantenor cap. 
Another similar egg chamber orientated with the dorsal side pointing out of the page, showing an anterior cortical ring of Nod-LacZ as 
well as fainter Nod-LacZ accumulation in the center of the anterior. Note that the red channel is more strongly contrasted in (B) than in (A). 
(C-G) Tau-GFP egg chambers revealing MT distribution around the oocyte nucleus and in the anterior region in stage 9 oocytes. 
A network of MT5 can be visualized surrounding the oocyte nucleus and near the anterior of the oocyte. 
(0) A cross-section through the center of a similar Tau-GFP egg chamber revealing some MT arrays deep in the anterior of the oocyte. 
(E-G) A high-powered image of three different focal planes (Z1 -Z3) of the oocyte nucleus in a Tau-GFP egg chamber (dorsal pointing out of 
the page). Z2 is 1.5 im deeper than Z1, and Z3 is 4 im deeper than Z2. The MTs form a basket around the nucleus (E and F) and extend 
into the oocyte (G). Note that single MTs are more clearly visible on the surface than in the interior of the oocyte and in the nurse cells that 
lack the autofluorescence of the yolk. Long segments of MTs are only occasionally visualized, when they lie in the plane of focus ([C], 
arrowheads; [D], arrows). 
in the oocyte, Squid is required for grk ANA to localize 	We also studied the distribution of MTs in living speci- 
specifically to a subset of minus ends at the dorsoanter- mens using the Tau-GFP marker, which decorates MTs, 
ior corner, 	 by improving the imaging of MTs near the surface (see 
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Experimental Procedures) at a higher magnification and 
resolution than previously described (Januschke et al., 
2002; Micklem et al., 1997). A highly convoluted array 
of MTs exists in the anterior of the oocyte (Figure 6C). 
Optical sectioning through the nucleus reveals that this 
anterior array of MTs forms a basket around the oocyte 
nucleus (Figures 6C and 6E-60). MTs could also be 
visualized in the center of the anterior (Figure 6D). These 
results support, but do not demonstrate conclusively, 
the existence of two distinct networks of MTs, one form-
ing a basket surrounding the oocyte nucleus, with the 
MT minus ends at the dorsoanterior cap, and the other 
with the minus ends at the diffuse anterior MTOC and 
the plus ends extending toward the posterior. While 
many MTs appear very short because they do not lie in 
the plane of observation, some long MTs are observed, 
which could provide tracks on which grk RNA travel 
anteriorly during the first step, or dorsally during the 
second step, of localization (Figures 6C and 60). 
Discussion 
We have shown that, like wg and pair-rule transcripts 
in the embryo (Bullock and lsh-Horowicz, 2001; Wilkie 
and Davis, 2001), injected grk RNA is able to recruit all 
the factors required for its correct localization within the 
cytoplasm of stage 9 oocytes or blastoderm embryos. 
grk RNA assembles into particles that move in two dis-
tinct steps within the oocyte to the dorsoanterior corner 
of the oocyte. The particles first move through the inte-
rior of the oocyte to the anterior and then turn and move 
toward the nucleus and become localized to a dorsoan-
tenor cap. The switch from step one to two occurs most 
frequently near the anterior, but can also occur in the 
interior of the oocyte. Both steps of grk RNA movement 
require MT5 and Dynein. We propose that the two steps 
are mechanistically distinct and occur on different net-
works of MTs. 
We have shown that grk RNA particle movements 
in the oocyte are Dynein dependent, as is the apical 
localization of injected grk (this paper), wg, and pair-
rule RNA particles in the embryo (Wilkie and Davis, 
2001). The differences in speeds of particle movements 
observed in the embryo and oocyte are most likely due 
to inherent differences in the tissues, rather than an 
indication of fundamentally different mechanisms of mo-
tility. We suggest that the slower speeds of RNA particle 
movements observed in the oocyte are due to greater 
frequencies of particle pausing as well as the fact that 
all known developmental processes are much slower in 
the oocyte than in the embryo. Furthermore, it is gener-
ally accepted that the in vivo speeds of molecular motors 
can vary considerably from their speeds in vitro because 
of availability of accessory factors and in vivo regulation. 
We were able to study the movement of grk RNA 
only in oocytes whose MTs have already undergone 
repolarization (stage 8 and later), as injection into the 
smaller, earlier stages causes a severe disruption of 
cytoplasmic position and is more difficult to interpret. 
Nevertheless, we anticipate that, before stage 7, in-
jected grk RNA would most likely localize to the poste-
rior, where the minus ends of MTs are located. There 
are many reasons to think that endogenous grk mRNA  
localization occurs by similar mechanisms to those we 
have defined for injected grk RNA. First, injected and 
endogenous grk RNA localize to very similar sites in the 
oocyte and are localized to a similar punctate distribu-
tion in the dorsoanterior corner. Second, grk is the only 
RNA that is known to localize dorsoanteriorly when in-
jected into the oocyte; others tested localize anteriorly 
(K10) or do not localize (bcd, mutant Kb, and hb). Third, 
injected and endogenous grk RNA are mislocalized in 
precisely the same way in squid mutants. Fourth, both 
injected and endogenous grk RNA localization depend 
on MTs and Dynein (Duncan and Warrior, 2002; Ja-
nuschke et al., 2002). 
It is currently not resolved where grk RNA is synthe-
sized. One view is that grk is transcribed in the nurse 
cells, like bcd and osk, and is subsequently transported 
into the oocyte (Thio et al., 2000). Another view is that 
it is transcribed by the oocyte nucleus (Saunders and 
Cohen, 1999). It seems most likely that grk is synthesized 
at different sites at different times of oogenesis: in early 
stages, it is synthesized by the nurse cells and, in late 
stages, by the oocyte nucleus. Whatever the site of 
synthesis of grk RNA, our description of the path of 
movement and mechanism of movement of injected grk 
RNA is likely to be relevant to endogenous grk tran-
scripts. If grk is transcribed in the nurse cells, then the 
two-step movement provides a Dynein-dependent 
mechanism for delivering grk RNA to the dorsoanterior 
corner from its site of entry into the oocytes. Alterna-
tively, if grk RNA is synthesized by the oocyte nucleus, 
then the same two steps would deliver grk RNA to the 
dorsoanterior corner after export out of the oocyte nu-
cleus. 
The Oocyte Contains Distinct Networks of MTs, 
Each of which Has Its Own Specific Minus Ends 
We have analyzed the organization of MTs in the oocyte 
with high-resolution imaging of Tau-GFP and Nod-LacZ 
distributions in the oocyte. We detect a particularly high 
concentration of MT minus ends at the dorsoanterior 
corner as well as in the anterior cortex and entire ante-
rior. The presence of an MT network associated with 
the oocyte nucleus explains why a higher concentration 
of MTs are found in the anterior than in the posterior 
(Micklem et al., 1997), despite the diffuse nature of the 
MTOC in the oocyte. A distinct network of MTs associ-
ated with the oocyte nucleus also explains why, in merlin 
mutant oocytes, we observed injected grk RNA accumu-
lating at the posterior, where the oocyte nucleus is lo-
cated. We also detect a high concentration of MT minus 
ends in an anterior ring in addition to a lower concentra-
tion all over the anterior. Considering all our results in 
the context of the previously published data on MT dis-
tribution in the oocyte leads us to propose the following 
model for MT organization in the oocyte (Figure 7). In 
addition to MTs with their minus ends at the diffuse 
anterior MTOC (Figure 7, green) and their plus ends at 
the posterior (Clark et al., 1994, 1997; Micklem et al., 
1997), there are some other MTs with their minus ends 
throughout all parts of the cortex (Figure 7, cyan) (Cha 
et al., 2001, 2002). We propose that, in addition to these 





Figure 7. Model for the Organization of MTs in the Oocyte 
Four classes of MTs are drawn in red, blue, green, and yellow over 
a black and white inverted image of an nIsGFP egg chamber. Green 
MTs have their plus ends at the posterior and minus end all over 
the anterior; we propose that they are used to transport grk RNA 
during the first step of its localization. Blue MTs have their minus 
ends at the cortex and are proposed to be used by Kin Ito exclude 
osk RNA from the cortex (see text). Red MT5 are specifically associ-
ated with the oocyte nucleus forming a high concentration of minus 
ends in the dorsoanterior cap. We propose that only the second 
step of grk localization, but not anterior localization of bcd and K10 
RNA5, occurs on these MTs. Yellow MTs have no orientation, and 
their minus ends occur throughout the entire oocyte. Magenta MT 
minus ends are part of an array in the anterior. 
are specifically associated with the oocyte nucleus (Fig-
ure 7. red). These MTs form a loose basket surrounding 
the nucleus and radiate throughout the anterior and 
partly into the middle of the oocyte. Our observations 
of Tau-GFP and previous work (Cha et al., 2001) suggest 
that there are many other MTs that are more loosely orga-
nized throughout much of the oocyte (Figure 7, yellow). 
The organization of MTs we propose provides a good 
explanation for why the grk particle movements we ob-
serve occur in two distinct steps. We propose that, dur-
ing the first step of movement of grk particles to the 
anterior of the oocyte, the RNA is likely to be moving 
on MTs whose plus ends are at the posterior of the 
oocyte and whose minus ends are along the entire ante-
rior. The second step of movement of the particles is 
likely to occur on the MT network that forms a basket 
around the nucleus, with the MT minus ends at the 
dorsoanterior corner and the plus ends extending to-
ward the anterior and, also, partly into the middle of the 
oocyte. This model for MT organization fits well with the 
fact that many grk RNA particles were observed to make 
sharp turns at the anterior, and some in the interior, of 
the oocyte. 
A Model for Sorting Different Transcripts 
to Distinct Subsets of MT Minus Ends 
with the Same Dynein Motor 
Our model showing that distinct classes of MTs exist 
within the oocyte begs the question, how does Dynein- 
dependent transport deliver grk RNA to a very different 
destination from other RNAs in the oocyte, which may 
also be transported to the minus ends of MTs by Dynein? 
We propose that different RNAs that are transported to 
the minus ends of MTs by the same Dynein motors could 
move on distinct networks of MTs. This would explain 
why the destination of injected bcd RNA (which is 
thought to require Dynein for its localization [Schnorrer 
et al., 2000]), depends on whether it is preexposed to 
nurse cell cytoplasm (Cha et at., 2001). bcd RNA injected 
into the oocyte moves to the nearest cortex along MTs 
whose minus ends are at the cortex. However, bcd RNA 
that is preexposed to nurse cell cytoplasm is able to 
move from the posterior to the anterior of the oocyte, 
apparently in a similar route to that in step 1 of grk 
localization, which we have defined (Cha et al., 2001). 
Step 2 of grk RNA particle movement is not shared with 
bcd RNA and could occur along the MT network that is 
specifically associated with the oocyte nucleus. Inter-
estingly, bcd, but not grk, mRNA localization requires 
y-Tub37C and Dgrip75 (Schnorrer et al., 2002). 
It is most likely that specific transacting factors that 
recognize RNA signals are responsible for determining 
which RNAs use which motors and also which distinct 
MT network is utilized during the Dynein-dependent 
transport to different destinations. For example, in nerve 
cells, the choice of cytoplasmic destination of cargo 
transported by Kinesin is determined by the presence 
or absence of a protein called GRIP (Setou et at., 2002). 
Such key transacting factors are likely to also include 
Squid (Kelley, 1993) and K1 0 (Cheung et al., 1992), since, 
in mutants of these genes, grk mRNA is localized in the 
anterior, rather than the dorsoanterior corner (Norvell et 
al., 1999; Serano et at., 1995). However, in addition to 
the transacting factors, the different MTs are likely to 
differ in some way, allowing the different kinds of RNA-
motor complexes to distinguish among them. Such dif-
ferences could include chemical modifications of tubulin 
or different tubulin isoforms as well as distinct popula-
tions of MT-associated proteins (MAPS). It is also possi-
ble that -yTub37C and Dgrip75 (Schnorrer et al., 2002) 
could be involved in selectively nucleating a subset of 
MTs used for bcd, but not grk, mRNA localization. 
Dynein-dependent motility of RNA and other cargo to 
the minus ends of MT5 is likely to be a widely deployed 
mechanism within cells. Selective utilization of different 
MT networks would provide a nice way to sort different 
cellular components that are transported by the same 
Dynein motor to a variety of distinct minus ends in the 
same cell. Our rapid and efficient real-time assays for 
mRNA localization will allow us to begin to define the cis-
acting signals and trans-acting factors that determine 
which subset of MT5 are selected by different RNA car-
gos that utilize the same motors. 
Experimental Procedures 
Fly Strains 
Stocks were raised on standard commeal-agar medium at 25C. 
RNA was injected into wild-type (Oregon R) egg chambers or those 
of a strain with four copies of the nIsGFP transgene (yw; nIsGFPM; 
nIsGFPN) (Davis et al., 1995) and sqd'IDI(3)urd (Norvell et al., 1999). 
j.w, mer'' females were dissected after shifting homozygous fe-
males to the restrictive temperature for 3 days (MacDougall et al., 
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2001) prior to injection. dhc64C mutants were from T. Hays (Gepner 
et al., 1996). The semiviable allelic combinations used (dhc 6Idhc1 
are slightly more severe than the viable allelic combinations of dhc 
'/dhc6 '° and dhc66/dhc60 , in which the speed of apical mRNA trans-
port in the blastodem, embryo is reduced (Wilkie and Davis, 2001). 
RNA In Situ Hybridization 
In situ hybridization was performed as previously described (Wilkie 
et al., 1999) by fluorescent tyramide detection (NEN LifeSciences). 
grk probes were fragmented in carbonate buffer (Cox et al., 1984) 
to allow greater probe penetration. Ovaries were prepared for hy-
bridization as described in MacDougall et al. (2001). 
Synthesis of Fluorescently Labeled, Capped RNA 
RNA was transcribed in vitro as previously described (Wilkie and 
Davis, 2001) from plasmids containing grk cDNA (G. SchUpbach), 
hb cDNA (B. Edgar), 1(10 Us (transport localization signal), or 1(10 
mutant f/s (A. Cohen and S. Bullock). 
Injection of RNA and Inhibitors 
Prior to injection, egg chambers were dissected directly onto coy-
erslips in Series 95 halocarbon oil (KMZ Chemicals). Egg chambers 
were separated into individual ovarloles or egg chambers for injec-
tion. Oocytes were microinjected with Femtotip needles (Eppen-
dorf). RNA5 were injected at concentrations of 250-500 nglpi, and 
Colcemid (Sigma) was injected at concentrations of 100 ig/ml or 
30 .tg/ml. Anti-Dynein antibodies (T. Hays or D. Sharp) were spot 
dialyzed as previously described (Wilkie and Davis, 2001). 
Immunolocalization of Proteins 
Ovaries were dissected and prepared for DAPI, phalloidin, and anti-
body stainings as previously described (MacDougall et al., 2001), 
with the following modifications. Ovaries were dissected directly 
into 3.7% formaldehyde in PBS with 0.1% Triton X and fixed for 20 
mm. Incubation in a polyclonal rabbit anti 0-galactosidase antibody 
(ICN) at 1:10,000 dilution was performed overnight at 4C. After three 
20 min washes in PBS with 0.1 % Triton X, ovaries were incubated 
with an Alexa Fluor 546-coupled secondary antibody (Molecular 
Probes) for three hours at room temperature. 
Four-Dimensional Imaging and Deconvolution 
Fixed egg chambers were mounted in Vectashield (Vector Labora-
tories). Tau-GFP fluorescence was imaged by placing a breathable 
membrane (YSI) over the egg chambers after dissection in halocar -
bon oil on a coveralip, as previously described (Davis, 2000). Imaging 
was performed on a widefield DeltaVision microscope (Applied Pre-
cision) based closely on an original design by John Sedat and David 
Agard. The microscope consists of an Olympus 1X70 inverted micro-
scope with a 12 bit cooled CCD camera (Coolsnap HQ; Roper). 
Images were acquired with 20/0.75 NA or 100Y/1.4 NA objective 
lenses selected for symmetric point spread functions and spherical 
aberration corrected. Out of focus light was reassigned to its point 
of origin by iterative deconvolution (Davis, 2000). Up to five egg 
chambers were imaged in parallel, by repeat visiting with a highly 
accurate XYZ motorized stage. 
Particle Tracking 
Particles were tracked with a 100 . /1.4 NA objective lens and time-
lapse intervals of 1 s. Moving particles were manually tracked with 
DeltaVision (Applied Precision) and Metamorph (Universal Imaging 
Corporation) image analysis software. The speeds of movement of 
particles were calculated in micrometers per second according to 
the distance traveled in each time interval. A vector was taken be-
tween the first and last points of each tracked particle to calculate 
the overall direction of movement. The directions traveled were then 
calculated with reference to the anteroposterior and dorsoventral 
axes or the center of the nucleus, as determined by low-magnifica-
tion imaging in brightheld images or nIsGFP. The directions of move-
ment of particles moving anteriorly and then dorsolaterally were 
calculated with vectors representing the anterior and lateral phases 
separately. The directions and speeds of all particles tracked were 
calculated and plotted with Microsoft Excel. The dorsoanterior 
phase of the movement toward the nucleus was more difficult to 
observe, as the particles were spread over a wide range of planes 
of focus after moving from the site of injection to the anterior of the 
oocyte. Two approaches were used to identify the dorsoanterior 
phase of movement. Particles were either injected at the anterior 
and imaged directly or injected in the center of the oocyte and 
imaged 20 min later, when they had moved to the anterior. In all 
cases, particles were analyzed from at least two different egg 
chambers. 
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